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„The ability to represent time and space and number is a                    
precondition for having any experience whatsoever“ 

PREFACE 
 It is c1ear that vast amount of speedily expanding data on glass-formation as a result 
of melt suitable cooling and its re-crystallization upon glass consequent heating has required 
certain taxonomy leading to the early foundation of specific journals and symposia. 
Associated theoretical studies on nucleation, crystallization and crystal growth have also 
escalated being viewed from both limiting sides: on one hand it was the solidification upon a 
slow self-cooling of melts and on the other hand the determinedly suppressed crystallization 
of quickly quenched (freeze-in) melts. The best efforts, however, was made in the field of 
oxide glasses where the traditional symposia on advances in nucleation and crystal growth 
were originally held every ten years resulting in the valuable proceedings, beginning at early 
seventies by "Advances in nuc1eation and crystallization of glasses" edited by L.L. Hench 
and S.W. Freiman and published by American Ceramic Society (Columbus, Ohio 1972) and 
followed by "Nuc1eation and crystallization of glasses" edited by J.H. Simmons, D.R. 
Uhlmann and G.H. Beall and published in "Advances of Ceramics" (Amer. Cer. Soc., 
Columbus, Ohio 1982); "Nuc1eation and crystallization in liquids and glasses" edited by 
M.C. Weinberg and published in "Ceramic Transactions" (Amer. Cer. Soc., Westerville, Ohio 
1993) and finally “Crystallization in glasses and liquids” (the symposium in Vaduz, 
Liechtenstein 2000), edited by W. Höland, M. Schweiger and V. Rheinberger and published 
in Glastech. Ber. Glass. Sci. Tech. 73 C, 2000 (with 425 pp.).   
 In this respect, the book should present (with a hopefully enough coherent content), 
the continuation of such a traditional publication activity particularly mentioning our previous 
monograph, which received abundant citation responses. Namely, it was a special issue of the 
journal Thermochimica Acta, Vol. 280/281 (Elsevier, Amsterdam 1996 with 533 pp. and 
edited by  J. Šesták) entitled ”Vitrification, transformation and crystallization of glasses”. Its 
arrangement was initiated upon the cooperation with D.R. Uhlmann, N.J. Kreidl and M.C. 
Weinberg during the Šesták´s 1994 visiting professorship at the University of Arizona in 
Tucson. Final book assembly was made possible by help of the most renowned US glass 
scientist such as C.A. Angel, D.E. Day, L.L. Hench, P.M. Mehl, C.T. Moynihan, C.S. Ray or 
M.C. Weinberg who also contributed the compendium. The multiple authorship was 
completed by other recognized scientists such as Argentinean C.J.R. Gonzales-Oliver, O.F. 
Martinez; Brazilian E.D. Zanotto; Czech Z. Kožíšek, Z. Chvoj; British P.F. James, M.J. 
Richardson; Bulgarian I.B. Gugov, I. Gutzov; French  M. Poulain; German  R. Müller; 
Hungarian I. Granasy; Indian K.S. Dubey, P. Ramachandrarao; Italian A. Buri, F. Branda; 
Liechtenstein W. Höland, V. Rheinberger;, Japanese T. Kokubo, T. Komatsu, M. Matusita, 
M. Tatsumisago; Russian V. Filipovich, G. Moiseev, A. Kalinina, I. Tomilin or Spanish J.M. 
Barandiarán, I. Tellería. The resulted book contained as many as 40 contributions, which 
covered material oriented chapters on oxide, chalcogenide, metallic, polymeric and food 
glasses eloquent with their specific kinetic, thermodynamic, glass-forming, or even, bioactive 
behavior.  
 Another analogous collection, entitled “Thermal studies beyond 2000”, is also worth 
mentioning as published as a special issue of the Journal of Thermal Analysis and 
Calorimetry, Vol. 60 (Kiado, Budapest and Kluwer, Dordrecht 2000, 402 pp., edited by M.E. 
Brown, J. Málek, J. Mimkes and N. Koga and dedicated to J. Šesták’s sixties. The most recent 
monograph “Glass: the challenge for the 21st century” was published by Trans Tech 
Publications (Switzerland 2008, 692 pp., edited by M. Liška, D. Galusek, R. Klement) as the 
proceedings of IX. ESG/ICG conference (held in Trenčín, Slovakia 2008).  
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 The idea of collecting broader viewpoints toward the formation and devitrification of 
glasses, particular1y aimed at the confrontation of various aspects of descriptive theories, 
evaluative treatments and applied technologies useful to all sorts of inorganic and organic 
materials, was repetitively the entire subject during the series of renowned Kreidl’s memorial 
conferences. The one on “Advances of glasses” was held in Liechtenstein 1994 (proceedings 
edited D.R. Uhlmann and W. Hölland). The subsequent (last) meeting “Building the bridges 
between glass science and glass technology” was held in Trenčín 2004 (proceedings 
published in Glass. Ber. Glass. Sci. Tech. 77C, 2004, and edited by J. Šesták and M. Liška). 
 The tremendous potentiality of various impacts of a general area of vitrification 
provides almost inestimable properties of intrigued glassy state together with delicacy of 
associated processes inherent in nucleation and crystal growth. The longest tradition of a 
theoretical approach occurs in the field of oxide glasses with its own congresses originating in 
the 1930s, already putting emphasis on the formation and crystallization of vitreous media 
(e.g., J. Frenkel or W.T. Richards). In the 1950s this was followed by the extended theory of 
crystal growth in undercooled liquids (e.g., W.D. Hillig and J. Frankel), measurements of 
devitrification characteristics (e.g., A.J. Milue), use of DTA (e.g., the Indian school of T.S. 
Das, H.H. Gupta and R.L. Thakur in the 1960s) and the detailed analysis of nucleation-growth 
processes in glasses (amongst others, C.A. Angell, J.D. Mackenzie, P.W. McMillan, P.F. 
James or D.R. Uhlmann). The other types of inorganic glasses have created their own history, 
in the first period, typically not interacting with the other fields creating their own 
crystallization systematic. Namely it is the field of chalcogenides (e.g., D.W. Henderson) 
which followed the boom of amorphous semiconductors starting their symposia in the 1960s. 
Even more effectively, the field of metallic glasses has appeared starting their symposia in the 
1970s and presenting valuable contributions to crystal-growth theories (for example, F. 
Spaepen, H.A. Davies, F.E. Luborsky, A.L. Greer or U. Koester). Glassy (melt quenched) or 
amorphous (disintegrated) states have become essential precursors for the preparation of 
many advanced materials such as magnetics, solid electrolytes, oxide superconductors or 
generally low-dimensional systems (e.g., quasiparticles, semiconductor quantum wells and 
dots). Moreover, the sol-gel method has successfully competed to become one of the most 
progressive techniques in preparing the various inorganic, organic and mutually mixed glasses 
not attainable by other techniques. Certainly we should not forget the traditional field of 
organic glasses, having their important past in polymer science (e.g., B. Wunderlich) and 
recently in cryogenics (e.g., P. Bourton). Progress in various aspects of solidification should 
also be noted as carried out in the areas of nucleation (e.g., B. Mutaftschiev), stability (e.g., 
J.J. Favier) and growth (e.g., A.A. Chernov).  
 The theory development has proceeded in various stages using different means in 
order to study general processes of formation of solids upon cooling or other methods of 
crystal network disintegration; recently based even on the extended capabilities of large 
computers. It can be roughly ranked into two general groups:  
 (i) Molecular dynamics and Monte Carlo methods involving the determination of 
coordinate impulses in the so-called mechanical approach. It deals with equations of motion 
or potential interactions and evaluation is controlled by kinetic equations based on single 
and/or multiple particle behavior characterized by three-dimensional distribution functions. 
The hastily increasing capacity of computers enables solution of the empirical quasi- and 
multi-particle potentials toward quantum-chemical methods (DFT– density functional theory).     
 (ii) Phenomenological methods covering the typically hydrodynamic approaches, 
which use equations of heat and mass transfers and fluid convection, as well as the kinetics of 
phase transitions through phenomenological and statistical physics including 
thermodynamics. 
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 Particularly thermodynamic and structural thoughts are vastly useful for elucidation of 
some aspects of glassines. Let us first remind that even all crystals (exhibiting so called ‘long-
range order’) comprise at a finite temperature some imperfections (non-stoichiometric sites, 
defects or vacancies), which density do not continue to diminish with decreasing temperature 
perpetually toward the zero temperature but freezes-in near a temperature at which the 
imperfection healing (by diffusing or some other lattice rebuilding) ceases. At rising 
temperature, however, the imperfection density and their size amplify until a critical stage 
leading eventually to a phase transition. Under particular circumstances the imperfections can 
act as sources of specific properties; such as photo-sensitivity in the case of chalcogenides, 
where the valence alternative pairs can provide, for example, the form of exalted 
defectiveness (defect density of about 1017 cm-3) creating a positively charged over-
coordinated atom and a negative under-coordinated counter-partner without changing the total 
number of bonds but yielding thus photo-sensitive centers.  
 By the same argument we can treat glasses (exhibiting so called ‘short-range order’), 
which encompass also intrinsic defects (interconnected blocs/islands, voids, etc.) defined as a 
deviation from the lowest energy bonding arrangement. Throughout freezing of such defects 
complex processes can subsist, which stages we attend to associate with certain assortment of 
temperatures characterized all the way down from the state of liquid still down to undercooled 
liquid (e.g. Tg) and finally to glass. A needed definition of short-range order imposed that 
each constituent species (e.g. atoms) fulfils its chemical valence requirement (so called 8-N 
rule), however, the stronger heteropolar bonds (e.g. As-S) are favored over the homopolar 
bonds (S-S, As-As). It is worth noting that the constrained bond length survives within ~1% 
equivalency of the bonds existing in the long-range ordered in a corresponding crystal. We 
can distinguish a topological short-range order, in which the structural defects are subject to 
relaxation and annihilation at annealing temperatures close to Tg and which is usually 
associated by collective movements of constitutional species related to both the atomic or the 
whole cluster hauling. On the other hand, there is common a compositional short-range 
ordering, in which chemically similar species (such as Ni, Fe or Co in metallic glasses) can 
mutually exchange their atomic positions often resulting in re-arrangement of the nearest 
neighbors ensuing magnetic anisotropy, etc. Finally there can happen a diffusion ordering 
connected with mutual survival and disappearance of various structural defects, which are 
shaped due to the samples inflict to great temperature gradients (e.g. quenching), which 
subsequently yields various adjustment due to relaxation of mechanical stresses and 
deformations.  
 Another element of randomness is the variation of bond angles sometime assumed to 
be crucial in further distinguishing constrained states of glassy and amorphous materials. The 
flexibility of covalent bond is largest for the two-fold coordination groups of VI-elements and 
is lowest for the tetrahedrally coordinated groups of IV-elements. For instance, in the SiO2 
glasses the oxygen atoms are bridging the Si-tetrahedral providing the essential flexibility, 
which is considered necessary to form a random covalent network (without exhibiting excess 
of strain). However, if such a covalent random network is formed without the flexing bridges 
of the group VI-elements the structure becomes amorphous (as the deposited strain-confined 
films of, e.g., As2S3), which can exist in many various forms of non-crystalline configurations 
(often experimentally irreproducible). The highly constrained nature of variously obtained 
amorphous films suggests that defects might not be randomly distributed but could be 
predominantly located as internal blocks, voids and strain-relief interfaces between low-strain 
regions. In contrast to glasses, the amorphous films can thus exists in many non-crystalline 
configurationally states the thermal annealing of which can lower its tense energy, however, 
cannot transform the over-constrained amorphous configuration from one ranking to another. 
A drastic atomic rearrangement would be enforced as to accomplish such an ‘unstructured’ 
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reconstruction, which would, instead, materialize overlapping by more pertinent as well as 
unprompted crystallization.    
 However, a possible interference of so called ‘medium-range order’ (or ‘modulated 
structures’) becomes particularly common in resolving various non-crystalline materials, 
pertinent typically semiconductors, where the concept of homogeneously random network and 
its heterogeneity was most extensively studied. It is closely connected with the fashionable 
use of adjective ‘nano’ (nano-technology or nano-materials) touching the limits where the 
ordered and disordered states transpire factually a guaranteed delimitability. The standard 
observations, based on measuring crystallographic characteristics and the amount of 
crystalline phases, such as typical XRD, are capable to detect the crystalline phase down to 
about 2 % within the glassy matrix (certainly under certain crystal-size detectability). If not 
assuming here the capability to distinguish a minimum of yet-crystal-magnitude (by 
traditional XRD peak broadening), nor we account for a specialized diffraction measurement 
at low diffraction angles (radial distribution function); we can concentrate toward the critical 
amount of crystalline phase in the glassy sample. This issue is yet befitting the crucial 
question how to relevantly define the limit of yet ‘true glassiness’ and already ‘nano-
crystallinity’. There became known a few proposals but the generally accepted figure is, for 
long, the value of 10-6 vol. % (less common 10-3 %), of crystallites to exist within glass matrix 
not yet disturbing its non-crystalline characterization and consequent definition of glassines. 
The appropriateness of this value, however, is difficult to authorize persisting in its 
maintenance on basis of acute convenience and reiteration.   
 There are many other features and aspects of glassiness, which are hopefully dealt 
with in appropriate details within the individual book chapters. For a limited number of 
enclosed printed book pages it, therefore, was impossible to cover all subjects of variously 
deviating interests being thus forced to restrict the chapters’ subject matter and focused them 
to a chosen but narrowed attitude. Nevertheless, some emerging areas of research were 
daringly introduced such as non-stoichiometry, in-between existence of various phases and 
their separation in macromolecular systems, polymers, bio-polymers and geo-polymers, 
natural biological and native geological glasses, assorted kinetic assessments and methods of 
evaluation, chalcogenide, oxide and metallic glasses, preparation of amorphous ceramics via 
solutions, interdisciplinary aspects of variously comprehended diffusion, disordered and 
metamict materials, nuclear waste and basaltic fibrous glasses. We allowed novel questioning 
of temperature measurements and innovative phenomenology of heat, low temperature and 
magnetic measurements as well as the special mode of emanation-diagnostic measurements or 
transitiometry. The editors are optimistic that such a widespread book concoction will find a 
positive reader’s responses helpful to an augmentation of their inventive comprehension.      
 The philosophy of this book is specifically distinctive being sourced on and related to 
the long-lasting Czech-Slovak national cooperation between their various national universities 
and institutions. The content was completed by invited contributions offered by some 
matching, vastly renowned scientists from abroad. Sensitively decided invitations and 
carefully selected authors assured a desirable diversity of views and ideas including mixture 
of various themes and subjects treatment from a choice of regions. Worth mention is an 
assortment of subjects accessible within the recent Czech-Slovak glass research and 
engineering among others, mentioning mathematical modeling of glass melting and formation 
(TU Liberec, Glass Service Vsetín, VŠChT Praha); molecular dynamics (VŠChT Praha, U. 
Trencin); relaxation processes in Tg region (UK Praha, U. Pardubice, U. Trencin, U. Nitra, 
UMCh AcSc Praha); theory of glass nucleation and crystallization (U. Pardubice, FZU AcSc 
Praha, U. Pardubice, STU Bratislava); specificity of chalcogenide (U. Pardubice), metallic 
(FU SAV Bratislava) and phosphate glasses (U. Pardubice, U. Nitra) not forgetting other 
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various research and technological aspects (TC ZČU Plzeň, LASAK Praha, VŠChT Praha, 
TU Brno, U. Zlin, U. Nitra, TU Liberec), etc..   
 We should like to thank very much, indeed, all contributors who spared their valuable 
time submitting their manuscripts for this book. The 28 herewith published scripts were peer 
reviewed (and selected out of 33 contributions) and arranged as the resulting chapters grouped 
as follows: theory and thermodynamics, macromolecules and polymers, vitreous states, 
crystallization kinetics, structural and transport properties, diffusion and low-dimensional 
systems and technological applications. We intentionally included even such contributions, 
which are not from the main stream of current trends in order to show the fascinating state-of-
art of the field of chemistry and physics of solids (including the liquid hinterland), which, in 
quite a few aspects, still keep indubitable character of certain 'hot’ issues, particularly when 
drawing the reader’s attention to the metastable states inherent in glassy, amorphous and 
otherwise disordered materials.  
                   Praha-Plzeň-Pardubice 2009, The editors: 
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1. Introduction: from continuum mechanics to a thermodynamic based 

perspective 

Dealing with pure substances we can easily distinguish and define perfect gases 
from real gases, while within liquids we may distinguish adequately among distinct classes 
of liquids, as electrolyte solutions, organic solutions, liquid metals, molten salts or ionic 
melts. Considering the solid state we can make a distinction between perfect and defective 
crystals, metals and ceramics and, certainly, we can recognize amorphous and glassy 
materials having, by the same arguments, intrinsic defects too, defined as deviations from 
the lowest energy bonding arrangements [1]. However, we still lack a widely accepted 
conceptual borderline to distinguish states of matter thought to be intermediate between the 
classic concepts of solid and liquid. It is particularly noticeable that the concepts of glassy 
and amorphous solids appear often confused, having no adjusted convention for their 
exploitation in the published literature, while still lacking more widely accepted associated 
definitions.  

In 1968, a special commission nominated by the National Research Council of the 
U.S.A., proposed to define glass as an «X-ray amorphous solid which exhibits the glass 
transition, the latter being defined as that phenomenon in which a solid amorphous phase 
exhibits with changing temperature a more or less sudden change in the derivative 
thermodynamic properties, such as heat capacity and expansion coefficient, from crystal-
like to liquid-like values» [2]. As it can be appreciated, this definition suggests implicitly 
that all glasses are to be considered amorphous while the opposite is not necessarily true.  

There are two basic approaches when trying to describe a material substance in a 
scientifically sounding way. One can look into the substance as a static entity and try to 
examine it from a microscopic structural perspective; or we can examine the behaviour of 
the entire substance as it follows some kind of a course of action. Such a process can be of 
several kinds. It can subsist of a chemical-physical procedure [3], such as an ordinary 
thermal treatment (showing how the substance responds to heat fluxes) or a precipitation 
from various solutions (displaying chemically induced formation of non-crystalline 
precipitants typically by sol-gel). It can also be a less acknowledged process of whichever 
origin, for example, mechanical (how the substance responds to external forces applied as 
pressure and stresses), electromagnetic (when interacting with the electromagnetic fields), 
depository (how it responds to the physical beam epitaxy or to chemical vapour deposition). 
It may even result from particle bombardment (interacting with such relevant particles), 
from mechanical disintegration (responding to intensive milling) or can be a consequence 

 
 

8



from interactive biological processes (conveying with living organisms [4]).  
Herewith we can specifically recognize various manners of disordering a regular 

network, which thus ensues disordered states of various cause and portrayal, often in low-
dimensional systems (as thin layers), and including the particularity of quantum dots or 
wells, which, however, falls beyond the framework of this brief introduction. These 
processes are principally of macroscopic origin, bearing dynamic perspectives, although 
they can be related with the microscopic structure of matter owing to adequate theoretical 
models.  

Macroscopically, and from a continuum mechanics perception, which deals with a 
material body response to external contact forces, a solid is a physical system which resists 
quasi-statically to external stresses applied at the surface, although some kind of motion is 
generally expected. Such stresses are specified by the stress tensor and the extent of body 
motion can be theoretically related with the stress tensor by constitutive equations. A 
number of ideal materials may be defined as representing particular relations between the 
stress motion and the intact motion. These are theoretical models used to represent and 
approach the behaviour of real materials.  

A liquid does not responses to contact forces as a solid does, as it easily flows away, 
without resisting noticeably to the applied external stresses. In either case the volume of the 
substance is expected to change only slightly due to the applied external forces, while the 
substance responds elastically, and we may often approximately assume that it does change 
at all. A crystalline solid never accommodates its natural macroscopic flow as glass does, 
even if extremely slowly. Although continuum mechanics allow us to theoretically treat 
solids and liquids under a unifying perspective, comprising intermediate cases as well, and 
under an experimental perspective, the rheological approach may be considered as pretty 
accomplishing the same; however, we still lack a comparable satisfactory unifying 
thermodynamic treatment.  

Of course, much of the apparent success of the continuum mechanics approach is 
actually elusive, as the whole collection of such idealized models may still be unable to 
perfectly translate the behaviour of some real materials, and intermediate cases may be 
particularly difficult to encompass within the continuum mechanics theoretical framework. 
On the other hand, thermodynamics tries to adopt a unifying perspective, has a general 
method that it tries to apply to all substances, which is less dependent on particular 
modelling hypothesis concerning idealized substances.  

From a classical thermodynamic perspective a single homogeneous substance in 
some definite state of matter is treated as a phase (a homogeneous region of matter, not 
necessarily continuous, which is part of the thermodynamic system) and we are mostly 
concerned with the evolution of the system’s macroscopic properties as a response to heat 
flow (heating or cooling). This may be also a convenient perspective to distinguish and 
characterize different materials. Statistical thermodynamics, also named statistical 
mechanics, bridges classical thermodynamics, as a phenomenological global approach, to a 
particles’ based approach relying in quantum mechanics. It is concerned with the 
interpretation and prediction of the macroscopic properties of matter in terms of properties 
of the microscopic elementary subsystems that compose it, such as molecules, atoms, ions, 
electrons, etc. Here we are mainly concerned with equilibrium properties (e.g. temperature, 
pressure, specific heat, viscosity, etc.) and the macroscopic system should comprise a large 
number of subsystems, typically of about the order of the magnitude of the Avogadro 
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number, so that the statistical averages can provide a reliable description of the 
macroscopic system at its most probable state (thus in equilibrium, in the sense that it 
remains unchanged with time). The statistical thermodynamics approach has been quite 
successful working with gases (including real gases) and solids, but rigorous predictions of 
the thermophysical properties of dense fluids are currently difficult to obtain.  

Still another way to possibly classify material substances relies on stressing their 
natural or artificial nature, the raw-materials involved on their preparation, or the main 
features of their preparation method, as for instance, we distinguish between natural and 
artificial polymers; or from melted, metallic, and sol-gel glasses. Such approach treats 
differently substances that can actually be quite similar, either from a thermodynamic or 
from a structural perspective, and doesn’t transmit any insight on the structural nature, or 
on the main thermodynamic properties of the substance considered.  

For a general material outlook there subsists a widespread acquaintance with the 
measurable reality that near the melting temperature, Tm, the melts of most ready-to-
crystallize solids possess viscosities less than 1 poise (while, for comparison, the 
anomalous water has that of mere 0.1 poise) [1]. It is worth to remark that metallic glasses 
do not show this characteristic reduction on viscosity; their melts remain very fluid, which 
requests the application of extremely high quenching rates (>10
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ºC s
-1 

in order to ever 
produce a noncrystalline solid). However, the moderate melt quenching of alloy 
compositions in the neighbourhood of deep eutectics, such as 80% of metals (Fe, Ni, Co, 
Mo, Cu, Cr) combined with 20% of glass-forming metalloids (B, Si, P, C, Ge) produce 
technologically beneficial glasses (magnetic) in which, however, the glass transition is 
seldom observed.  

Most melts can undercook by perhaps 10-20ºC below Tm, but the presence of 
impurities, slight disturbances, or even the mere contact with the container, will lead to a 
prompt crystallization. Low viscosity facilitates the diffusion of constituent species, which 
is unavoidable to make possible the necessary reconstruction of the fluid liquid web to that 
of rigid solid. The pre-nucleus (embryonic) sites, often existing in the melt, may enhance 
straight-forwarded crystallization [3], which is also favoured by their crystallographic 
orientation (e.g., lower symmetry, like monoclinic, which can bestow easier configuration 
and growth of such nuclei). Semiconductors are recognized materials to possess a large 
portion of pre-nuclei clusters in their melts, the extent of which can be handled by suitable 
annealing. Due to its atypical constitution, water, which exhibits an unusual pentagonal 
symmetry for the liquid containing clusters needs to transform to the hexagonal ice 
symmetry at a deeper undercooling (providing thus more time for the key symmetry 
reconstruction), being this one of extreme cases [4].  

The melt viscosity (η) tends to increase rapidly along with decreasing temperature 
and reaches the traditionally expected value near Tm in order of 107 poise [1]. Diffusion 
dies down speedily and, for that reason, crystal formation turns out to be more and more 
intricate, but enabling, on the other hand, certain ‘stability’ improvement toward the 
‘metastability’ of a supercooled liquid until the development of viscosity near η ≅ 1014 
poise permits the headway of a freeze-in state of a metastably-rigid and radically-
constrained glass.  

 

 
 

10



 
 

                                                           

2. Transformation Temperature, Fictive Temperature and Kauzmann 
Temperature 

The supercooled liquid constitutes a metastable phase in a state of constrained 
internal equilibrium, while its free Gibbs energy is higher than that at the state of stable 
equilibrium. The free energy of the metastable liquid is thus kept at a local minimum, but 
not at an absolute minimum (that would imply the crystallization of the glass).  

In the transformation region, hereafter assumed to lie below the melting temperature 
(Tm) but above the Kauzmann temperature1 (TK), the specific volume depends on the 
thermal history of the material (e.g., annealing time). This dependency cannot be fully 
understood within the framework of classic thermodynamics, were the specific volume is 
treated as a function of state, thus depending only on temperature and pressure. Tool [5] 
contoured this difficulty introducing the concept of fictive temperature, Tf [5-7], which 
corresponds to the extrapolated temperature of the supercooled liquid. The concept of 
fictive temperature associates itself to the assumption that the glass structure corresponds 
approximately to that of a frozen liquid, overcooled to Tf.  

Considering a molar volume versus temperature plot (Figure 1; the upper plot), and 
herewith the prolongation of the line of the supercooled liquid towards the equilibrium 
crystal line below Tg, which, according to the thermodynamic theory proposed by Gibbs 
and DiMarzio [8-11] can well be considered as an equilibrium line between the 
supercooled liquid and the glass, it seems acceptable that over the extrapolated segment the 
fictive temperature equals the real temperature. As a melted glass under cooling enters the 
transformation region, a specific cooling rate may actually be selected so that a certain 
fictive temperature, Tf, located over the extrapolated segment range, can be reached by the 
supercooled liquid. Tf tends to decrease as the cooling rate decreases. Extrapolation for 
infinitely slow cooling carries out the fictitious temperature towards the line of solid state 
and that would conduct Tf down to a specific temperature, known as the Kauzmann 
temperature [12], TK. It is supposed that the glass transition would then present itself as a 
sharp elbow, thus without any curvature at all [13]. This implies that TK represents a lower 

 
1 There are some important points related to the glassy region revealing the allied characteristic 
temperatures. Most common is the Kauzman temperature, TK, which is given as the intersection of 
extrapolated line for the equilibrium liquid with that of equilibrium solid. The so called Vogel 
temperature, Tv, is decisive the for moment where the shear modulus terminates its increase and the 
viscosity becomes infinite according to the Vogel–Fulcher–Tammann model. This implies a 
discontinuity where viscous flow ceases (on cooling), at a certain finite temperature (the Vogel 
temperature, Tv). For polymers it customarily lays 52 ºC below Tg but for inorganic glasses is about 
100ºC lower. The Kauzmann temperature, TK, may get coincidental with Tv if derived from the 
entropy plot. The temperature when the shear elasticity disappears is often located as the crossover 
temperature, Tcr, were the residue is only shear viscosity (or elongation viscosity), which, for an 
undercooled liquid, is independent of the extent of deformation (but correlated with the speed of 
deformation). 
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limit of the glass transition2. The glass transition would then lose his dynamic character (its 
time dependency), thus presenting itself as a static structural transition [13,14]. 

Slower cooling rates lied to glasses of lower enthalpy contents, and providing that 
crystallization does not occur, the isobaric heat capacity (Cp) is expected to present a step-
like non-linear variation with some hysteresis, within a temperature range centred at the 
calorimetric Tg, decreasing from values close to that of the equilibrium liquid to values 
close to that of the equilibrium crystal, although a positive but relatively small gap is still 
expected (Figure 1; the bottom plot). Excess values for entropy, enthalpy, and Cp, are 
expectable for glasses below Tg,, as compared to the corresponding crystallized substance, 
and such excess are even expected to be retained below TK, although the observed gaps can 
somehow decrease as the temperature drops until they eventually vanish by absolute zero, 
as long as we assume that Nernst’s theorem is obeyed, what is still a question of debate for 
glasses in general [e.g. 15]. As Kauzmann first pointed out [12], such gaps are expected to 
be smaller and smaller for lower cooling rates, and eventually, for a sufficiently slow 
cooling rate, they are actually expected to vanish at a positive finite temperature (TK). 

Below TK the concept of fictive temperature loses its significance and any 
configurationally rearrangements typical of the glass transition are not expected to occur. It 
seems thus reasonable to consider that a glass kept below TK stays stable in a state of non-
equilibrium, without change on its specific volume, and of course, no crystallization is 
anticipatable. Above TK, the glass is unstable with regards to the liquid supercooled liquid 
[16]. In this sense, it seems possible to consider TK as the temperature that corresponds to 
the transition between ‘glass’ (unstable) and ‘amorphous solid’ (stable).  

Taking in consideration the theoretical model proposed by Adam and Gibbs [17], TK 
may stand as the transition temperature of the supercooled liquid for the hypothetical case 
of a idealized “glass” with null (zero) configurationally entropy, and this transition would 
correspond to infinite relaxation time [18,19]. It may be admitted that, in these idealized 
conditions, the glass transition would correspond to a discontinuity in the first derivative of 
the molar volume (transition of second order) while true crystallization occurs with 
discontinuity of the specific volume (transition of the first order). Since one cannot carry 
out experiments under such a limiting condition (while taking into account a theoretical 
point of view), and the glass transition is, in reality, still not fully understood [20,21], we 
must face extrapolations with some reservation.  

 It is worth noticing that at TK only liberational motion frequencies are expected to 
freeze-in. These can be associated to the liquid's configurational heat capacity. The higher 
frequencies are still expected to hold at lower temperatures, as they are associated with the 
vibrational frequency modes of the amorphous solid. However, the structural relaxation of 
the supercooled liquid is expected to be completed at TK. Bellow TK the ‘glass’ still shows 
higher specific volume and entropy than the corresponding crystalline solid, but in either 
case the contributions for the specific heat are mainly vibrational.  
 

                                                            
2 Actually the entropy versus temperature plot should be preferred for obtaining a TK estimate by 
extrapolation, but since the lines present some curvature in such a graph, the extrapolation procedure 
cannot rely on the straightforward linear extrapolation procedures being therefore more prone to error. 
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Fig. 1. Schematic 
typical plots for glass 
transition.  
Upper: molar volume 
versus temperature; 
glasses, A and B, with 
decreasing fictive tem-
perature (Tf 

A and Tf 
B) 

can be derived by 
decreasing the cooling 
rate; a TK estimate may 
be obtained as the 
extrapolation limit at 
null cooling rate; 
hysteresis effect is 
shown for glass B, only. 
Bottom: isobaric heat 
capacity (Cp) showing 
a step-like non-linear 
variation with some 
hysteresis at the 
calorimetric Tg (depic-
ted for glass B, on 
cooling). 
 

  
 
 
 
 
 

  An ‘ideal’ glass transition can be interpreted as, more or less, resembling a second 
order phase transition, according to the Ehrenfest classification [22-24]3. The 
corresponding theory assures that the two coexisting phases (a gluey supercooled liquid and 
                                                            
3 According to the Ehrenfest classification, if thermodynamic equilibrium may me assumed for the 
phases, it may be stated that for a first order transition, the first derivatives of de Gibbs free energy 
with regards to the temperature and pressure present a discontinuity at the phase transition 
temperature. If the first derivatives are continuous but the second ones are discontinuous, the phase 
transition is said of second order. For low cooling rates, and considering glasses cooled from melts, 
the glass transition may be seen approximately as a second order phase transition since in 
thermodynamic equilibrium the molar volume may be expressed as partial derivative of de Gibbs 
free energy with regards to the pressure: [ ]TPG ∂∂= /V . 

equilibrium 
crystal 

equilibrium 
liquid 

supercooled 
liquid line 
(extrapolation) 

m
el

tin
g 

po
in

t 

m
ol

ar
 v

ol
um

e 

∆C
p, 

gl
as

s t
ra

ns
iti

on
 

(c
oo

lin
g)

   
   

  

∆C
p, 

cr
ys

ta
lli

za
tio

n 

equilibrium 
crystal 

equilibrium liquid

gas

TK 

sp
ec

ifi
c 

he
at

 , 
C p

  

T 

glass B 

glass B 

Tm TK 

slow cooling 

Tm Tg 

Tf 
B 

fast cooling 

bo
ili

ng
 p

oi
nt

 

Tf 
A 

 

glass A 

T 

 
 

13



an extremely viscous glass) should then possess matching entropy, possessing, however, 
distinct specific heat [e.g. 24]. This implies that the two phases should then become 
structurally isentropic. Besides, the molar volume of these two phases must also tend to 
reach a common value. The jump verified in the specific heat suggests a certain 
congealment of some kind of structural movements at the Kauzmann temperature, which 
are expected to cease their contribution toward the specific heat. One may interpret the rise 
in the glass transition temperature (Tg) above TK for a ‘real’ glass transition as related with 
the period of time available for the observation of such freezing movements during typical 
laboratory experimentation.  

It is worth noting that a number of authors took into account that the inspired 
existence of some higher (presumably second order) transition should be regarded as 
somewhat speculative. Accordingly, bearing in mind that at the matching conditions of 
internal equilibrium, the heat capacity of the undercooled liquid is indistinguishable to that 
of the congruous stable crystal, it comes to pass defendable, instead, that the glass transition 
may be best thought as a first-order-like transition, although of a disordered type [25-27]. 
The thermodynamic properties of such an undercooled highly vitreous melt possesses novel 
properties of an ideal glass structure, becoming therefore very similar to those of the 
crystalline state, as first noticed by Cohen and Turnbull [28]. The meaning of Kauzmann 
temperature for chalcogenide glasses was studied in more details by Černošek et al. [29] 
and other statistical, structural and frequentional details of Kauzmann (and other 
temperatures) are given by Hlaváček et al. [30]. 

Studies based on mode coupling theory (MCT), developed by Götze and 
collaborators [31-42], and considering the percolation concept, showed that the temperature 
Tv of Vogel-Fulcher-Tammann-Hesse (VFTH) equation [43-45] (known as the above 
mentioned Vogel temperature) may be capable for an identification with TK [46-47], at least 
approximately. This conclusion also was corroborated by the fluctuation theory proposed 
by Donth [48-49] and by a thermodynamic approach developed for the model of spin-
glasses [50-51], and also by means of a stochastic model suggested by Odagaki et al. [52]. 
Experimental results obtained by the technique of specific heat spectroscopy seem to 
support this identification as well [53]. Taking Tv > 0K, B and ηo (a pre-exponential factor) 
as fitting parameters, the equation of VFTH expresses the glass viscosity as: 

 

  
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

=
v

exp)(
TT

BT oηη                   (1) 

In the limiting case of Tv → 0K, the VFTH equation reduces to a familiar dependence 
of the Arrhenius type, where To is habitually determined from adjusted experimental viscosity 
data reported for T > Tg > Tv . For this reason, the attributions of physical meaning to the 
parameter of adjusting Tv can be questioned outside the range were the experimental data can 
be obtained. For a common window glass a typical value would be Tv ~ 249 ºC [54], while for 
the Pyrex® glass one could obtain Tv ~ 282 ºC [55]. A study reported by Mohanty [56] based 
on fourteen distinct glasses suggests that we will be able to obtain a rough estimate of TK 
considering that, as a rule of thumb, TK ∼ 0.78Tg (± 5.8% for the reported glasses).   
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3. Dynamics of the glassy state: noncrystallinity, vitroids and Deborah number 

Eckstein [57] classified non-crystalline solids as vitroids, referring to organic and 
inorganic materials in the vitreous state, including inorganic glasses and organic plastics. 
Vitroid structures are interpreted as paracrystalline networks, thought as intermediary 
arrangements between melts and the corresponding crystals. Such structures can be 
quantitatively characterized by temperature-like parameters, named “configurational 
temperatures”. Interesting is the use of a terminology that combines the term “solids” with 
the term “vitroids”, seen within the framework of rheology. This is because such a vitroid 
changes with time, thus being dependent on the existent observation time involved in 
detecting the extent of the change (as with viscous flow).  

Reiner [58] introduced the so-called Deborah number expressing the ratio between 
the time of the material’s relaxation and that of its actual observation time, i.e., the 
experimental time scale (De = τ / θ). The name comes from the bible, where the prophetess 
Deborah’s song after the victory over Philistines includes: “the mountains flowed before the 
Lord”. For gases it reaches ~10

-12
; for crystals we have De ~10

10
; and for glasses it lays in 

an order of units. For an ordinary, as-quenched glass, the experimental relaxation time of a 
given frozen structure, represented by Tg , is said to be proportional to the shear stress 
relaxation time related to a shear viscosity expediently laying in order of 10

13
 

P s. The 
Deborah number may be used as a criterion to distinguish solid from liquid-like behaviour 
[59]. At the glass transition temperature we expect De ~1.  

Suga and Seki [60] stressed out that the glassy state is thermodynamically unstable 
and can be assumed to subsist as an undercooled metastable state obtained at a certain 
instant of continuous cooling through the glass transformation process, which is considered 
to be a general property of all such metastable phases. They also recommended a further 
classification for the generality of glasses into glassy liquids, glassy liquid crystals and 
glassy crystals; formed by glass transformation from their respective metastable states, 
either from liquids (traditional melts), or from liquid and solid crystalline phases, which can 
freeze-in a certain molecular motion (often rotation).  

As Wong and Angell [61] pointed the distinction between supercooled liquid and glass, 
assumes that experimental essays are carried out in a time scale of seconds or minutes, that is, 
in the usual range of the Maxwell relaxation time [62] for a glass within the Tg region. This is 
the relaxation time for tensions when a constant shear is applied, and can be obtained as the 
ratio between the viscosity (η) and the shear modulus at infinite frequency ( ): ∞G

  η τ∞= G                       (2) 

Remarkably enough is that the shear modulus remains fairly insensitive to the variation of 
temperature [18, 63-65]. 

The glass transition occurs when the time of structural relaxation considered reaches 
the order of magnitude of a reasonable time period needed for the observation of the 
phenomena with the available laboratory equipment (usually ∼1−103s), and, as a 
consequence, for subsequent cooling experimenters cease to observe structural 
rearrangements in the glass network [66]. Pointing in the same direction, Nieuwenhuizen 
[67-68] refers that “a system is glassy when the observation time is much smaller than the 
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equilibration time”. As a glassy system cools through the transformation region, the 
relaxation time of slow dissipative phenomena (named ‘α-process’) becomes much larger 
than the time of observation; while the fast processes (‘β-process’) are still observable at 
equilibrium. The distinction between relaxation processes α and β (classification after 
Johari-Goldstein [69-71]) is following: the leading relaxation process (α) is characterized 
by a time constant that increases from ∼10-12s (∼1012Hz) to ∼100s (∼10-2Hz) in the glass 
transition region, accompanying (in an approximately proportional form) the increase of the 
viscosity, and deviating from Arrhenius law. Moreover, one may be able to observe a 
secondary process of relaxation (β), in the kHz region (∼10-3s), which obeys the Arrhenius 
law and is not significantly altered within the glass transition region. One may thus 
consider this last process as fast in the transition region with respect to the alternative α 
process [50]. The β process can be attributed to reorientation movements in the glass 
network [72]. At higher temperatures (above ∼1.2Tg) the process α and β combine 
themselves in a unique process [32, 73-75]. A deeper connection between α and β 
relaxation processes seems to exist, as it was recently discussed by Prevosto et al. [76]. 
 

4. Structural features of the glassy state: nano-scale or micro-scale 
heterogeneities 

The assumption of heterogeneity in liquid phase goes back to the assumption of a 
semi-crystalline phase by Kauzmann [12], as well as to the assumptions of coexistence of 
gas-liquid (semi-evaporated) structural units related to numerous works, e.g., Cohen and 
Thurnbull [28, 30]. The non-linear oscillators contribute also to an abnormal coefficient of 
thermal expansion and the amorphous-like liquid is thus structurally different from the 
amorphous-like solids, which casts some light into the explanations regarding the 
Kauzmann paradox [12, 77]. Below Tg thermodynamic properties as the specific heat and 
the coefficient of expansion decrease noticeably and simple extrapolations towards lower 
temperatures lead to the expectancy that the supercooled liquid would ultimately decrease 
to lower energy, entropy, and molar volume, as compared to the crystal, which seems 
unreasonable, hence the paradox. The Kauzmann paradox is based on extrapolation and 
does not take into account the fact that the liquid is a mechanically heterogeneous substance 
in which the heterogeneity is partially removed as the temperature goes down below Tg, and 
the highly non-linear oscillators disappear. The liquid phase is structurally different from 
the solid in mechanical sense, viz. by the appearance and disappearance of highly mobile, 
diffusive, non-linear oscillators. 

The blocks, and their inter-blocks [30] bonding structure, form the main 
contributing factor responsible for dynamical parameters, such as the viscosity or bulk 
elasticity of the liquid phase. The blocks are also responsible for complex relaxation 
effects, because the interconnected linear oscillators forming their structures interact. On 
the other hand, the ‘semi-evaporated’ particles acting as the non-linear oscillators can 
perform their oscillations on several different amplitudes [78], and their motions carry with 
them elements of uncertainty, that can be described, in most cases by the non-linear, non-
deterministic theories of chaos. Because the initial positional coordinates of such non-linear 
oscillator for its subsequent position and momentum cannot be determined in advance, the 
differential changes in initial conditions will bring completely different trajectories. The 
general rule for the nondeterministic chaos theories is thus consequently reflected into the 
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structure of the amorphous body in glassy state [30, 78-79], which depends on the way of 
cooling and will have this irregular character.  

Micro-scale in-homogeneities linked to the glass transition process were also 
found in frozen aqueous solutions of organic solutes. Sikora et al. [80] found that as a result 
of a phase separation processes accompanying the freezing process of aqueous solutions of 
sucrose from -120°C to 30°C, at least two crystalline phases and two amorphous glasses 
could generally be clearly identified, while solutions of composition close to the eutectic 
were usually found to freeze directly into glass.  

A feasible intervention of heterogeneity within the range of a so called ‘medium-
range order’ (or ‘modulated structures’) becomes particularly common in resolving the 
liquid and glassy states of various non-crystalline semiconductors, where the concept of 
inhomogeneous random network was most extensively studied [1]. This is also connected 
with the limits where the ordered and disordered states transpire its factual distinguishing 
(‘delimitability’). The standard way for such observations, based on measuring the 
crystallographic characteristics and the amount of crystalline phases (typically by XRD), is 
able to detect the amount of crystalline phase down to about 2% within the glassy matrix 
(certainly under the restrain of a minimum crystal-size ‘detectability’) [3, 81].  

Since we are not concerned here with the capability to distinguish a minimum of 
crystallite magnitude (which can be accessed by traditional XRD peak broadening), neither 
we account for a specialized diffraction measurement at low diffraction angles (to obtain 
the radial distribution function), we can direct our attention towards the critical amount of 
crystalline phase that subsists in the glassy sample. This issue is yet befitting the crucial 
question how relevant is to define the limit of yet ‘true glassiness’ and already ‘nano-
crystallinity’. There are a few proposals but the generally accepted figure is, for long, the 
value of 10-6 vol. % (or a less common 10-3 %), of crystallites existing within glass matrix 
[3] as not yet disturbing its non-crystalline categorization and consequent definition of 
glassiness. The appropriateness of this value is difficult to authorize but, however, keeps its 
continuance on basis of severe convenience. 
 

5. Specificity of noncrystalline chalcogenide materials 

Another dimension is offered by the structure modelling of chalcogenide glasses, 
which is difficult or better too-all-embracing due to the great flexibility in the range of the 
structural units forming the random web. The concept of homogeneous random (covalent) 
network has been examined [82]. It is difficult, however, to encompass the differences 
flanked by various characters of non-crystalline chalcogenides, which incongruity is due to 
the bonding constrains and the number of degree of freedom allowed by their three-
dimensional network, arranged towards the flexibility required accommodating the given 
random mismatch [83]. For a binary AxBx-1 exhibiting only a short range order, the average 
coordination number is m = x Ncn(A) + (1-x) Ncn(B) where the number of constrains (Nco) 
per atom (A and B) is given by Nco(m) = m/2 + m(m-1)/2 ≅ m2/2. When equating the 
number of constrains to the ideal three spatial degrees of freedom, Phillips [83] showed that 
a most favourable average coordination is mc = 6 = 2.45 corresponding to an optimal 
connectivity. As a consequence, the glass-forming tendency occurs greatest when the short-
range order imposed by bond stretching and bending forces is just sufficient to exhaust the 
local degrees of freedom. The internal strain increases with m while the entropy follows the 
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opposite trend because the non-crystalline state becomes insufficiently interconnected 
(‘cross-linked’). Therefore, the conventional state of chalcogenide glasses is typically 
restricted to lie in the region ~3.3 > m > 2; while with m > 3.3 becomes over-constrained 
amorphous; yet higher, with m > 4.3, associates with unusual non-crystalline metals. On the 
other hand, those having the lower connectivity (m < 2) are assumed to be under-cross-
linked amorphous materials, such as thin films of inert gases or halides. As any other 
possible criteria, this one suffers from uncertainty around the borderlines (m ≅ 2 or m ≅ 
3,3), since the long-range interactions, ionicity, size effects, etc., have been neglected, as 
well as its applicability to the class of quenched tetrahedral glasses (e.g., AIIB2

V like CdAs2 
and their derivatives with admixtures of Ge, P, etc.). Even glasses with the average 
coordination m = mc contain a considerable strain, which magnitude can be accessed from 
the difference in heats of solution, such as, that for vitreous silica (m=2.67) 2.16 Kcal/mol, 
while for crystalline α-christobalite one obtains 1.52 Kcal/mol. The flexibility of covalent 
bond is largest for the two-fold coordination groups of VI-elements and is lowest for the 
tetrahedrally coordinated groups of IV-elements. For instance, in the SiO2 glasses the 
oxygen atoms are bridging the Si-tetrahedral providing the essential flexibility, which is 
considered necessary to form a random covalent network However, if such a covalent 
random network is formed without the flexing bridges the structure tends to become 
amorphous (as the deposited strain-confined films of, e.g., As2S3), which can exist in many 
various forms of non-crystalline configurations (often experimentally irreproducible). 
Structural ordering associated with a medium-range order (i.e., sizable heterogeneity) is 
known to exist in many deposited-like structures, such as hydrogen-rich interconnecting 
tissue of a thin film deposited by glow-charge over a-Si:H alloys [84], or domains of 
~600Å found at evaporated thick films of As2Se3, or smaller domains existing at most 
amorphous structures based on As2S3 or GaSe2.   

 
6. Pressure and temperature-induced amorphization 

 Transformation of a crystalline phase into an amorphous phase can be achieved 
without going through the conventional steps of bulk-liquid melting-and-quenching 
envisaging micro-processes where, e.g., powdered particles could in their neighbourhood 
melt thanks to high temperatures locally achieved due to the plastic deformation, which is 
hauling a lot of energy, and moreover, including many other processes of interstitial 
incorporation and segregation into nonstoichiometric sites, defective links, etc. Such an 
amorphization can result from chemical, irradiative, thermal or pressure-induced disruption 
of the crystalline order, when the free energy of the crystal obviously exceeds that of an 
allied amorphous phase [85-87]. Compressive amorphization was first discovered already 
25 years ago when ice-crystals were observed to amorphize at 77K and 1GPa [85, 88]. 
There are numerous examples of amorphization of originally genuine well-crystallized 
materials, which is inducible by a variety of processes, ranging from bombardment with 
high energy particles, spray- and freeze-drying, dehydration of hydrates (common in 
pharmaceuticals [89]), to continuous grinding and milling, cold-rolling (common with 
metals’ tryout [87, 90-92]), and applicable to an inquisitive assortment of materials [e.g. 
93]. 
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 The different routes to amorphization can be best monitored in the ring statistics of 
silica recovered after amorphization. In these cases amorphization will involve the breaking 
and reforming of bonds and is reconstructive. Usually, pressure induced amorphization 
signifies the existence of a metastable amorphous phase with a lower free energy compared 
to the parent crystal and that transformation into a more stable high-pressure crystalline 
phase is kinetically hindered. This metastable amorphous phase may correspond to high-    
-pressure thermodynamic melting of the parent crystal phase at a significantly low 
temperature, where the Clapeyron slope for the melting transition (dP/dT) is negative. For 
instance, the metastable extension of the melting curve of SiO2 to higher pressures [94] 
yields reasonable estimates of the amorphization pressure of quartz, which occurs around 
30GPa at ambient temperature [86]. Some correlations indicate that the denser the starting 
ambient for the crystalline phase, the higher the mechanical work needed to complete the 
route to obtain a denser glass. 

Worth of attention is the model of Ponyatovsky and Barkolov [95], where crystalline 
instability under thermobaric stress (shown by perturbation of P and/or T) is attributed to 
the coexistence of a low-density amorphous phase (= LDA) and a high-density amorphous 
phase (= HDA). The LDA and the HAD phases represent polymorphs with the same 
composition as the crystal but different density. Thermobaric amorphization was 
experimentally studied in zeolites [86, 96-97], which readily convert to amorphous 
alumina-silicates under heating and/or at modest pressures. In the case of a zeolite collapse, 
order-disorder transitions are found dependent on the rate at which the thermobaric stress is 
applied [86]. Whether amorphization is thermally induced isobarically or pressure-induced 
isothermally, the low-density crystalline structure should convert to a final high-density 
HDA phase via a low density LDA phase. The zeolite–LDA transition is expected to be of 
the displacive type, while the LDA-HDA transition is reconstructive. 

Another fascinating finding is the noticeable fact that the temperature of isobaric 
amorphization, TA, shows a significant depression as the heating rate is reduced. This type 
of kinetic behaviour seems reminiscent of the comparable trend followed by the glass 
transition temperature, Tg, on varying the cooling rate. The relatively large scale of the 
changes in TA, is though to suggest that this effect might be controlled by the viscosity of a 
very strong liquid. The idea of a perfect glass, with zero configurational entropy, Sc, was 
first discussed by Kauzmann [12], in the context of melt-quenching, and coincides in 
Adam-Gibbs theory [17] and with the discontinuity at Tv in the VFTH relation. An 
interesting outcome of the comparisons between the dynamics of zeolite collapse, and that 
of structural relaxation in conventional melts, is that below Tg,  i.e., for very slow heating or 
for low pressure-increase rates, respectively for the isobaric and for the isothermal 
amorhization processes, zeolites are expected to collapse more rapidly than the final HDA 
phase can respond. In either case, highly ordered glasses with very low configurational 
entropy, Sc, might be obtained if the LDA phase could be isolated [86]. Indeed, Angell and 
co-workers [98] have speculated that the ideal glass state might be better approached via 
such a phase transition involving a kind of ‘superstrong’ liquid. If the LDA phase is 
chemically ordered, then the network will comprise only even membered rings, and this 
compares with the chemically disordered HDA phase where odd membered rings are 
required topologically to accommodate bonding contacts (as Al-Al or Si-Si). Zeolites and 
glasses amorphized from them show a clear relationship between the size of secondary 
building units and features in the Boson peak, i.e., the Boson peak, accessed in the low-      
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-frequency range of vibrational spectroscopy, is hugely enhanced in low-density networks 
[97]. If amorphization can ever bestow a practical route to the state of an “ideal” glass 
accomplished directly from the crystalline state, rather than via freeze-in from the liquid 
state, then the idea of Kauzmann glass [12] might be better realized.  
 

7. Vitrification versus crystallization: reduced Tg and the Hrubý parameter 

For a quenched glass, the energy radial distribution function (investigated by XRD) 
depends on a general configurational coordination, showing a minimum, which bottom lies 
higher than that of the minimum of a corresponding crystalline state because of the inherent 
strain energies. The barrier between the two main minima represents the kinetic hindrance 
preventing crystallization of the glass below Tg, which surmounting is only possible by a 
substantial atomic rearrangement. The amorphous deposited solids, in contrast, can exist in 
many crystalline configurationally coordination exhibiting thus multiple (but smaller) 
energy distribution minima, which over-constrained state can be lowered by a suitable 
thermal treatment (e.g. common annealing, which helps compacting the structure thus 
lowering and/or overlapping the minima; while, in some cases, the mere temperature 
increase may yield a catalyst-like pseudo-crystallization to occur yet below Tg [99].  

Šesták [99] showed that quenched glasses reveal upon heating a clear glass 
transformation, Tg, as a noticeable step-wise deviation from the base line measured by 
differential thermal analysis (DTA), followed by the base-line (crystallization) peak. On the 
other hand, in amorphous materials the Tg effect is often overlapped by a too early 
crystallization, the last being revealed by non-matching onset and outset of the DTA peak 
base lines. Worth repeating is that rapidly quenched metallic glasses does not regularly 
reveal distinguishable thermal changes, which can be noticeably associable with the glass 
transition. 

The quality of the glassy state is possible to classify by examining the reduced 
quantities [81] such as typically glass transition temperature (Tgr) given by the ratio Tg/Tm; a 
lower ratio reveals a higher difference of Tg and Tm thus showing a greater stability of the 
glassy state. Referring to a large set of available experimental data obtained for nucleation 
of several silicate glasses, Zanotto [100-103] concluded that glasses having Tgr higher than 
~0.58-0.60 display only surface (mostly heterogeneous) crystallization, while glasses 
showing volume (homogeneous) nucleation have Tgr < 0.58-0.60. The reduced glass 
transition temperature [81] was examined in more details by Sakka and Mackenzie [104] 
and for metallic glasses by Davis [105]. Determination of theoretical values of reduced 
temperatures were approached by Angell [106] based on extension and extrapolation by 
means of application of the Vogel-Tamman-Fulcher equation for viscosity. Even a more 
sensitive interrelation to the glass formation peculiarities can be found on basis of Hrubý 
coefficient [107-109], which, however, is typically available only upon physical 
preparation of a given type of glass: KH = (Tcr-Tg)/(Tm-Tcr), where Tcr is the crystallization 
temperature and Tm  is the melting temperature. Various connotations and alternative forms 
of various reduced quantities were analysed in detail by Šesták [3, 81]. Various models and 
limitations towards clarification of various features of vitrification were extensively 
described by Parthasarathy et al. [110], who presented glass transition as a transition from 
ergodic to nonergodic behaviour and discussed the meaning of residual entropy. Glass is 
considered as nonergodic because the laboratory time scale on which we observe glass is 
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usually much shorter than its structural relaxation time.  
Example of microstructures associated with amorphous and crystalline structures 

examined in a phase separated silicate-phosphate glass are given in Figure 2. 
 
Fig. 2. Examples of different 
amorphous and crystalline 
microstructures exami-ned by SEM in 
a phase separated glass of molar 
composition  
0.45SiO2 ─ 0.405MgO ─ 0.045K2O ─ 
0.1(3CaO.P2O5) [111].  
Upper: morphology of large grains of 
frit (2−4 mm), showing clusters of 
poorly delimited grains, attributed to 
variation of composition in the 
nanometric scale; the silica-enriched 
regions were preferably leached-out 
by HF etching (5%, 5s), as compared 
to phosphate-enriched regions, hence 
revealing fractal-like microstructural 
features, possibly related with a 
spinodal type of phase separation. 
Middle: The structure of a bulk 
sample annealed at 650ºC (1h), 
showing globular aggregates 
identified as amorphous SiO2 by EDS 
under TEM examination; these are 
surrounded by phosphate-enriched 
regions seemingly resultant of 
diffusional processes (leached out by 
HNO3 etching: 20%, ~8s).   
Bottom: Microstructure observed  in 
a grain  of glass frit (sized 0.5─1mm) 
heated at 10ºC/min to 980ºC, 
revealing piles of plate-like 
whitlockite crystals, arranged in 
patterned stair-like domains, 
corresponding to Ca7Mg2P6024 and/or 
Ca18Mg2H2(P04)14 (etchant: HF: ∼8s).  
 
 
 

 
8. Conclusion: distinction between amorphous and glassy materials 

 According to Roy [112,113] the concept of noncrystallinity (meaning structurally 
disordered) should be considered as hierarchically superior to the glassy and amorphous 
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concepts, the latter being more popular to describe certain types of semiconductors and 
metals. These are, however, two related but misleading controversial concepts as it was 
noticed by Gupta [114], as he demonstrated that non-crystalline solids could be divided 
into two distinct classes, amorphous and glassy solids, because they behave differently 
upon heating, and he proposed a structure-based definition for distinctions. Accordingly 
Gupta, a non-crystalline solid is a glass if the short range order of the freeze-in solid below 
glass transition and that of the delivering melt are the same.  

Glasses are also distinctive on exhibiting a glass transition upon cooling and/or 
heating. These two conditions are always satisfied for any non-crystalline solids, which is 
obtained by way of melt cooling because the liquid must undergo a glass transition to 
vitrify (if earlier crystallization is prevented). On the other hand, a non-crystalline solid is 
of an amorphous structural disposition if the short range order is not equal for the melt and 
its solid non-crystalline counter-partner, which is exhibited, for instance, by some 
amorphous semiconductors like Si or Ge (showing, e.g., different coordination number; see 
§.5). Such amorphous solids may be produced by special techniques such as sol-gel, 
precipitation from solutions, sputtering, mechanical alloying, impact at high pressures 
(explosion), milling, bombardment of high energy particles or by other modes of crystal 
disintegration (generally termed as amorphisation).  

On the other hand, it would be also possible to distinguish the glassy state from the 
amorphous one, from a purely thermodynamic perspective, considering the Kauzmann 
temperature as a borderline, since it allows for a clear-cut distinction independent of 
cooling rate effects or of the thermal story of the substance. However we would have to 
accept the inconvenience of its intricate but not well précised experimental estimate. If such 
a distinction is to be accepted the glassy state should clearly be defined as an above TK 
state, while the amorphous state would be fine-tuned to lie below.  

Pointing in this direction, it is possible to propose that, in a restricted sense, the 
concepts of glass and that of an amorphous solid could well be distinguished from each 
other, if we define glass as «a substance experiencing a time-dependent change of 
thermodynamic state, between its Kauzmann and liquidus temperatures, slowly changing 
from the amorphous solid to the supercooled liquid state, or vice-versa», thus restraining 
the concept of the glass to the temperature range [TK , TL], while the companion concept of 
amorphous solid was defined as corresponding to a disordered solid kept below its 
Kauzmann temperature. Here, the designation ‘state’ actually refers to a dynamic non-
equilibrium thermodynamic state, which depends on the characteristic time associated with 
the structural relaxation associated with the glass transition.  

Because this restrictive glass definition is not fully compatible with the current 
concept of (solid) glass as a material substance, and with several previous currently 
accepted glass definitions [115,116], a better compatibility could be found if we accept to 
abandon the quest for a universal definition, and instead accept a distinction to be traced 
among three categories of glass. In this way, the given concept of glass would actually 
correspond to the special case of a “transforming glass”, which allows for extension of the 
previous concept, either to the melt region (> TL), corresponding to “melted glass”, and to 
the amorphous solid region (< TK), corresponding to “amorphous glass”. Here the concept 
of glass is used in a more general sense, to stress that the substance involved can in fact 
change its state to a ‘transforming glass’. Of course, the proposed designations of “melted 
glass” and “amorphous glass” should be restricted to such substances that can, in fact, 
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evolve through the so-called transformation region.  
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1.   SOME HISTORICAL FEATURES FOCUSED BACK TO THE 
PROCESS OF EUROPEAN EDUCATION REVEALING SOME 

IMPORTANT SCIENTISTS, ROOTS OF THERMAL 
ANALYSIS AND THE ORIGIN OF GLASS RESEARCH 

 
Jaroslav Šesták 

 
 
 1.1. Model Classification and their Development in Historical Applications
 

According to early Greek belief (e.g. Aristotle, 384-322 BC), the four basic elements 
were fire, air, earth and water. These elements were firstly introduced by Empedocles (492-
432 BC) and used in various models and metaphors to signify the substantiality of which all 
subsistence is composed (i.e., quantities as well as interconnecting qualities like warmness, 
dryness, coldness and humidity). They were thought to possess the integrative and structural 
essence ether or form (in the sense of an imperishable firmament) [1,2]. The Greek 
philosophy was derived from the notion philia (~ love), which explains the attraction of 
different forms of matter and which is complementary to the opposing force called neikos (~ 
strife) which accounts for separation. Today however, mathematical modeling ensues 
differently not only from a further approved physical existence but also from an existence 
that is assigned by our more cultured mental perceptions. It is not just the precision but also 
the subtle sophistication and mathematical beauty of successful models that is profoundly 
mysterious. Mathematics is crucially concerned about truth and philosophers would agree 
that there are some other fundamental (almost absolute) concerns, namely that of beauty and 
of good, which exist since the Platonic geometrical world of mathematical forms [3,4]. 

The early elements were first depicted by the metaphors of simple, equilateral 
triangles either pointing up, in order to escape like air or fire, or down, in order to rest like 
water or earth. Later Plato (427-347 BC) used more explicit geometrical models spatially 
arranging multiple triangles, i.e., three triangles formed tetrahedron (~ fire), eight triangles 
— octahedron (~ air), six squares or twelve triangles — cube (~ earth). Water, however, was 
represented by a more complex geometrical body called icosahedra (twenty triangles, see 
following text and Fig. 1).In Greek culture the term symmetry was interpreted as the 
harmony of different parts of an object. Symmetria (~ common measure) is composed of the 
prefix syn (~ common) and metres (~ measure). The Greek Gaius Plinius Secundus (23-79) 
provided the fundament for crystallography (derived from Greek cristallos ~ piece of ice) as 
he gave primary rules for the plan-metric faces of crystals and their visually imagery shaping. 

In the first attempt to ever categorize well-ordered earth stones as geological 
specimens, which form variously shaped natural crystals, Bohemian metallurgist Georg 
Bauer Agricola from Jáchymov (1494-1555) developed a visual classification including 
color, transparency, weight, shape, etc. [5]. This classification somehow resembled Platonian 
geometries. However, the most impressive historical treatise on crystallography was written 
by Johann Kepler (1571-1612, while resident in Prague within the years 1600-1612) and 
was devoted to the description of snowflakes. In analyzing their numerous forms bearing a 
steady hexagonal symmetry, Kepler suggested a certain generalization model for the densest 
arrangement of rigid balls. Factually, he introduced the coordination-like number for a ball 
environment and declared the consistency of angles between analogical crystal planes and 
edges. It can be assumed that some implication of Platonian geometry was also inherent in 
Kepler's applications [6]. Though Auguste Bravais (1811-1863) was not sure that crystals are 
internally arranged in a repeatable manner, he mathematically modeled the fourteen 

30



geometrical figures that can be spatially arranged in a periodic mode [7]. They can be 
characterized by a combination of one or more rotations and inversions in a lattice that is 
understood as a regular array of discrete points representing individual structural units (atoms, 
molecules), which thus appear exactly the same viewed from any point of the array [8]. This 
discovery allows us to classify crystal shapes nowadays in the seven geometrically-basic 
schemes: area and/or space can be filled completely and symmetrically with tiles of three, four 
and six sides. This is close to the Platonian conceptions of geometrical bodies but excludes, 
however, any pentagonal arrangement (involved in Platonic bodies) because it is not possible to 
fill any area completely with its 5-fold symmetry. In the early 1970ies, however, Roger Penrose 
(1931-) discovered that a surface can be wholly tiled in an asymmetrical but non-repeating man-
ner [7] providing some constructions similar to the cluster structure of liquid water [9] or non-
crystalline state of glasses, which has been for a long run in the core of attention [10], see fig 1. 

  
Fig.  1: Some constructions associable with the cluster structure of liquid water. The object (in the upper 
left column) shows a dodecahedron, which Plato associated with a firmament. It can model, in a special 
case, certain water clusters in the surface contact with plants. Below you see the ball-like model of a 

cyclic pentamer and 
a tricyclodecamer, 

representing 
relatively stable but 
small clusters of 
water, which can 
mutually inter-
connect to ease the 
formation of large 
clusters of a 
icosahedron (shown 
below), often 
containing as many 
as 250 molecules of 
water.9 Plato associ-
ated this geometry 
already with water. 
The Middle column 
portrays the 
diamond tiles 
(sometimes called 

Penrose Basic) with a specific shape called «rhombus». The upper thick rhomb has a longer diagonal 
equal to the «Golden ratio» phi (Φ = 1.618034..., which is related to the number 5 by the formula (l-
√5)/2, playing a crucial role in various aspects of natural and art constructions) while the thinner rhomb 
has its shorter diagonal equal to 1/Φ. Both rhombs can be derived from a pentagon (below). Its five 
diagonals match to the Golden ratio Φ and its 5-side structure leaves inevitable gaps when used to be 
continuously repeated in space.7 On the other hand, the rhombs can fill the surface in an asymmetrical 
and non-repeating manner, which is known as "continuous but non-repeating structure* (sometimes 
called «quasi-crystals» when discovered to appear in quenched glassy alloys after annealing)2. On 
expanded tiling to cover greater areas, the ratio of the quantity of thick rhombs to thin ones approaches 
Φ again - if the rhombs are marked by shadow strips they form the unbroken structure (right) and we 
can localize both chains (like polymeric water) and pentagons (like water clusters). Such a structure can 
also be applied to a spatial distribution if the two kinds of rhombohedra are assembled (bottom of the 
middle column) to form icosahedrons. 

 
These relations can be followed far back to history when the geometry of pentagon (and 

the pentagram inscribed within it) bore its high metaphysical association as explored by the 
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Pythagoreans (after Pythagoras 586-506 BC): they considered it as an emblem of perfection. It 
was a doctrine that all things proceed from numbers and the number five, as being formed by 
the union of the odd and the first event was deemed of a peculiar value. In China the central 
number five, similarly, represented the fifth element — earth as the allied symbol of the 
great China [2]. In astrology, geometrical figures kept engendering mystical and occult 
connotations [1,2] such as with the supposed magical powers of pentagons and pentagrams. 
This effect lasted until recently as various occult guilds are often symbolized by five leave 
rose (see bottom figure of the right column) [1]. 

In the middle of the 18th century, the technical revolution brought the novel steam 
engine, which actually interconnected three early elements in another metaphor: heating 
water by fire to get thick air (steam) being then capable to provide useful work by moving a 
piston and turning a wheel, the latter symbolizing the forth element, earth. This element, 
however, is bearing a functional form by know-how, today information (in-form-ation) [2]. In 
contemporary physics, the four elements can be understood as a metaphor for solids (= earth), 
liquids (~ water) and gases (~ air), fire being associated with the forth state of matter (= plasma). 
Their further association can be extended to describe the state of society [2,11], as hierarchy (~ 
solid monarchy), democracy (~ liquid equality) and anarchy (~ gaseous disorder) simply 
depending on the degree of mutual interactions (~ fight of opposing forces), which in a mixture (~ 
society) of components (~ people) can be integrative (~ love) or hostile (~ strife, hate) with a 
transitional indifference (~ apathy) replacing the thermodynamic requirement (~ nature) for a 
state of minimum of energy (~ law) by a societal need (~ culture) of maximum happiness, health 
or satisfaction (~ best feelings). 

Such an unusual physical-chemical model assumes, however, people as unvarying 
«thermodynamic» particles without taking their own «human» self-determination into account 
[12]. The interactions of such «sedentary» particles are given by their inherent nature (internal 
state, charge), properties of the host matrices (neighboring energetic makeup, structure) and 
can be reinforced by their collaborative incorporation (collective execution, stimulated 
amplification) in the set-up vicinity. Certainly, this model can be incorporated in the so called 
“game models” if we focus on the plausible cooperation between people as somehow unrelated 
individuals when aiming to show their reciprocal strategies of behavior that are merging 
spontaneously as a result of the same “sightless” (i.e., a driving force, which is trying to assure 
survival [13]). More advanced models anticipate that economic straddles share out science and 
humanities [14]. Yet another model hits ecosystems that tend to increase energy by reaching a 
maximum of steadiness. They are introducing a further model of the so called “forth law of 
thermodynamics”, which is based on the useful part of energy sometime identified as “exergy” 
[15,16]. These examples show that limits of mathematical models and the chronological usage of 
scientific metaphors in perception are boundless [17]. 
 

1.2. Historical Prague, its famous Charles University and some medieval alchemists 
 

One of the most important moments in the cultural history of a focal Middle European 
territory - Bohemia [18-20] was the year 1232 when the Dominican Order (“domini canes” 
meaning the “Dogs of the Lord”) first seated in Prague near the old Judith’s bridge (the 
predecessor of the famous Charles bridge build afterward in 1357). This Dominican 
monastery was called ‘Clementinum’ and represented not only a clerical institution but also an 
important place of social and learning activities (even within the years 1278-1348 the Land 
Council was held there). One of mentioned historical personality was Kolda from Koldic, the 
author of “Passional of Princess Kunhuta” a top work of the Czech Gothic book arts, 
published in 1318. The Dominican Latin School, brought there from Paris in 1347, was 
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factually the ancestor of the 1348 foundation of the famous Charles University in Prague, cf. 
Fig. 2,, as the first European university north of the Alps (by the Emperor Charles the IV).  

One of the new university first achievements was the introduction of medieval 
kinematics, which was brought to Prague by Johannes de Holandria, an Oxfordian from 
Merton College, who in the year 1368 provided the so called Merton’ theorem of uniform 
acceleration to public and detailed this approach during his stay in Prague. Later Czech 
astronomer Jan Šindel (1375-1456) was studying the planetary motion and his astronomical 
tables were greatly appreciated by Tycho de Brahe while staying in Prague at the end of the 
16th century. Šindel had also a share in designing the advanced astrolabe in the famous 
Prague’s astronomical clock. We cannot forget practical impacts of improved learning such as 
the early foundation of a brewery in Domažlice 1378 or a glasswork in Chřibská 1414 not 
forgetting the first print out of the Czech written bible in Plzeň 1468.   

Little renown but important medieval personality [21,22] was Ioannes Marcus Marci  
(Jan Marek Marků, 1595-1667) who most likely helped to reveal the fundamental properties 
of the spectral colors that emerge when light passes through glass prism. He was already 
aware of the light monochromatic properties, i.e., any succeeding refraction or reflection did 
not change colors and he provided studies how color changes in rays when spectral colors are 
mixed and entered the field of spectral dispersion of light being thus a factual predecessor of 
Isac Newton (1642-1726). Marci wrote for that time very advanced books [22], which 
possibly foreshadowed some important laws. Besides the refraction of light he conducted the 
first-ever systematic study of the reciprocated impact of bodies, he discovered the difference 
between elastic and inelastic impacts intuitively moving his thoughts within the reach of the 
conservation laws. Marci, however, was strongly convinced that white light was the simplest 
element (‘quinta essentia’), which, interestingly, was close to the subsequent concept of 
‘elementary waves’ propounded about fifty years later by Christian Huyghens (1629-1695) in 
the wave theory of light. There, however, is incomplete information concerning Marci`s 
educational activities as a rector of Charles University.  

 

 
Fig. 2: From left: Charles University in Prague (founded by Emperor Charles IV. 1348 and 
some of their exceptional members and associates, astronomer: Kepler Johannes (1571-
1639), rector and mathematician Marcus Marci Ioannes (from Kronland, 1595-1667) and 
famous professor of mathematics and practical geometry  Doppler Christian (1803-1853). 
 

When Rudolph the II. (1552-1612) became the Emperor of the Holy Roman Empire 
and the King of Bohemia, he provided in Prague court a vital support to alchemists, 
astronomers and physicists and granted Clementinum a university status developing thus the 
worldwide growth of arts and learning. Among the most outstanding scientists were Tycho de 
Brahe (1546-1601) and Johannes Kepler (1571 - 1630) whose astronomical observations and 
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calculations were published in the well-known Rudolphine tables. After the death of 
Tycho de Brahe, Johannes Kepler replaced his position of a royal mathematician in Prague in 
the year 1601. Using Tycho de Brahe’s data, Kepler determined elliptic orbit of Venus. In his 
1609 treatise “Astronomia Nova” Kepler published his two first laws, controlling the motion 
of planets and according to which the orbit of a planet/comet about the Sun is an ellipse with 
the Sun's center of mass at one focus 

Foremost Czech physician and astronomer, Chief Medical Supervisor of the Kingdom 
of Bohemia at the court of Rudolph the II, was Thaddaeus Hagecius ab Hagek (Tadeáš Hájek 
z Hájků, 1525-1600), see Fig. 3., known as an author of several astronomical tractates and 
books on geodesy, botanic and medicine particularly acknowledged for the first concise book 
on the beer-making, ´De cerevisia´ (1585). Hájek essentially helped the flourishing period of 
alchemy and played a significant role in persuading Rudolph the II to invite Tycho de Brahe 
to come to Prague. Moreover a Jewish scholar, David Gans (1541-1613) detailed in that time 
the observations of Tycho de Brahe published in his astronomical work “Nehmad ve-naim” 
(‘Delightful and Pleasant’).  

In the year 1618, the Czech Estates rose up against the ruling Habsburgs and the 
Jesuits were driven out of Prague. After their shortly return, the dominating Protestantism was 
prohibited in the Czech lands and the Charles University, the protestant one, was struck with 
persecution until it merged with the parallel Jesuits University in 1622. Famous Spanish 
visiting professor from that time was Roderigo Arriga (1592-1667) who authored “Cursus 
Philosophicus” (The course of philosophy). Later the Thirty Year’s War badly influenced the 
life (mentioning just the 1648 legendary battle of Clementinum students on the Charles 
Bridge protecting the Old Town from pillaging by the Swedish army).   
 

 
Fig. 3: From left: Hájek Tadeáš (from Hájků, 1526-1600), Komenský Jan Amos (Comenius, 1592-
1670), Prokop Diviš (1696-1765) and  Bolzano Bernard (1781–1848)  
 

Special attention should be paid to the Czech thinker and Bohemian educator [20], latter 
refugee Jan Amos Comenius (Jan Amos Komenský, 1592-1670). In his “Physicae Synopsis”, 
which he finished in 1629 and published first in Leipzig in 1633, he showed the importance of 
hotness and coldness in all natural processes. Heat (or better fire) is considered as the cause of 
all motions of things. The expansion of substances and the increasing the space they occupy is 
caused by their dilution with heat. By the influence of cold the substance gains in density and 
shrinks: the condensation of vapor to liquid water is given as an example. Comenius also 
determined, though very inaccurately, the volume increase in the gas phase caused by the 
evaporation of a unit volume of liquid water. In Amsterdam in 1659 he published a focal but 
rather unfamiliar treatise on the principles of heat and cold [23], which was probably inspired 
by the works of the Italian philosopher Bernardino Telesius. The third chapter of this 
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Comenius' book was devoted to the description of the influence of temperature changes on the 
properties of substances. The aim and principles of thermal analysis were literally given in the 
first paragraph of this chapter: citing the English translation [2,24] " In order to observe 
clearly the effects of heat and cold, we must take a visible object and observe its changes 
occurring during its heating and subsequent cooling so that the effects of heat and cold 
become apparent to our senses." In the following 19 paragraphs of this chapter Comenius gave 
a rather systematic description (and also a partially correct interpretation) of the effects of 
continuous heating and cooling of water and air, and also stressed the reversibility of 
processes such as, for example, evaporation and condensation, etc., anticipating somehow the 
concept of latent heat. Comenius concludes this chapter as follows: "All shows therefore that 
both heat and cold are a motion, which had to be proved.". In the following chapter Comenius 
described and almost correctly explained the function of a thermoscope (‘vitrum caldarium’) 
and introduced his own qualitative scale with three degrees of heat above and three degrees of 
cold below the ambient temperature. 

Other active famous alchemists of that time worth noting are a dilettante 
mathematician and astronomer Bavor Radovský z Huntířova (1526-1592) who wrote several 
books on alchemy, philosophy and even on culinary arts. However, a most important 
personality was Daniel Stolcius (1600-1660), who even maintained correspondence with 
Comenius and who wrote a significant book “Virodarium chimicum” (1624) and was 
seemingly cofounder of a mystical alchemical society: “Fraternitas Rosac Cruis”. He, 
perhaps, introduced a world first specialization called „chimiatrie“, which was conceivably 
taught as a rather unusual subject with regards the traditional university disciplines: major 
‘artes liberales’  and minor ‘artes mechanicae’ (i.e., learning common crafts such as warfare, 
navigation, business, agriculture, hunting, medicine or veterinary) but not in ‘artes incertae’ 
(that was a part of the habitually rejected ‘equivocal arts’ associated with occultism, which 
traditionally involved alchemy).     

It, however, is difficult to trace [20] and thus hard to say if it was possible (though 
likely) to disseminate the idea of caloric from Amsterdam (when Comenius mostly lived and 
also died) to Scotland where a century later a new substance, or better a matter of fire, 
likewise called caloric (or caloricum), was thoroughly introduced by Joseph Black (1728-
1799, and his student Irvine. It was assumed, e.g., that caloric creeps between the constituent 
parts of a substance causing its expansion. Although caloric differed from foregoing concept 
of phlogiston (because it could be later measured with an apparatus called a calorimeter) it is 
not clear who was the first using such an instrument. If we follow the studies of Mackenzie 
and Brush [24,25] and Thenard [26] they assigned it to Wilcke. It, however, contradicts to the 
opinion presented in the study by McKie and Heathcode [27] who consider it just a legend 
and assume that the priority of familiarity of ice calorimeter belongs to Laplace who was 
most likely the acknowledged inventor and first true user of this instrument (likely as early as 
in 1782). In fact, Lavoisier and Laplace entitled the first chapter of their famous “Mémoire 
sur la Chaleur” (Paris 1783) as “Presentation of a new means for measuring heat” (without 
referring Black because of his poor on paper evidence). Whilst the report of calorimetric 
employment done by Black seemed to first appear almost a century later in the Jamin’s 
Course of Physics (Mallet-Bachelier, Paris 1868).  

Caloric was seen as an imponderable element with its own properties. Unfortunately, 
the great propagator Black published almost nothing in his own lifetime [28] and his attitude 
was mostly reconstructed from contemporary comments and essays published after his death. 
Black supposed that heat was absorbed by a body during melting or vaporization, simply 
because at the melting- or boiling- points sudden changes took place in the ability of the body 
to accumulate heat (~1761). Irvine accounted that the relative quantities of heat contained in 
equal weights of different substances at any given temperature (i.e., their ‘absolute heats’) 
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were proportional to their ‘capacities’ at that temperature and it is worth noting that the term 
‘capacity’ was used by both Black and later also Irvine to indicate specific heats [2,28]. Black 
also introduced the term ‘latent heat’ which meant the absorption of heat as the consequence 
of the change of state.  

Black’s elegant explanation of latent heat to the young James Watts (1736-1819) 
became the source of the invention of the businesslike steam engine as well as the inspiration 
for the first research in theory related to the novel domain of thermochemistry, which 
searched for general laws that linked heat, with changes of state. Thompson Benjamin (Count 
Rumford, 1753-1814) presented qualitative arguments for such a fluid theory of heat with 
which he succeeded to evaluate the mechanical equivalent of heat. This theory, however, was 
not accepted until the later approval by Julius Robert Mayer (1814-1878) and, in particular, 
by James Prescott Joule (1818-1889), who also applied Rumford’s theory to the 
transformation of electrical work. The use of customary units called ‘calories’ was coined by 
Clément, who was giving in the year 1824 the following definitions: a “small calorie” 
allowed to increase by one degree the temperature of 1 g of water, whereas a “large calorie” 
allowed to melt 1 g of ice. The word “calorie” was then introduced into the vocabulary of 
academic physicists and chemists by Favre and Silbermann [29] in 1845. The characterization 
of one kilocalorie as 427 kilogram-meters was launched by Mayer in the year 1845. 
Captivatingly, the caloric-like description of heat as a fluid has survived, until today being, 
nevertheless, a convenient tool for easy mathematical description of simplified heat flows [30, 
31-34]. Worth noting is the work by Calander [35] who proposed an alternative unit called 
‘carnot’ (“Cr” or “Cn”) representing one unit of caloric, which provides the work of one joule 
during a reversible process under the gradient of one Kelvin. 

Let us return to historical Prague, where professor of mathematics, Karel Slavíček 
(1678-1745), was a disciple of Jakub Kresta (1648-1715) whose works of trigonometry and 
theory of functions remained as a significant part of the mathematical history (he was often 
called „Euclid of the West“). Slavíček was sent as a Jesuits missionary to Chinese Empire and 
his letters were an ample source of focal observations of the life, customs and science in 
China particularly explaining Chinese astronomy. 

Worth noting is the theory of Prokop Diviš (Procopius Divisch, 1696–1765), which 
belongs to early pioneering times. Accordingly, “Light of the First Day of Creation” ( האור של
 ,is regarded to be identical with electricity, which is an inherent quality of all things (יום אחד
permeating the whole Universe and manifesting itself by electric and thermal phenomena 
[36]. Such an idea is, surprisingly, in an apparent agreement with the modern idea of 
electromagnetic zero-point background radiation [37]. The last often mentioned yet-alchemist 
was Kryštof Berger (1721-1793) who in the year 1760 founded first chemical-technological 
laboratory and defined that mercury and sulfur react in the ration 1:1. He wrote a book on coal 
and important textbook “Chemische Vorsuche und Erfaheungen” (1792) and even constructed 
the first functional stove.   

Important role played the Prague Jesuit College of Clementinum and its famous 
library and observatory (opened in the 1720s) where about 1780 Antonin Strnad (1747-1799) 
laid the foundation to the oldest known series of systematic metrological observations. Worth 
noting are physicists and mathematicians Josef Stepling (1716-1778) who transposed 
Aristotelian logic into formulas becoming thus and early forerunners of modern logic and Jan 
Tesánek (1728-1788) who published many original studies and initiated publishing of Prague 
edition of Newton’s ‘Principia’ supplemented with his own commentaries, in that time best 
edition reasoned with better mathematical background.    

Worth noting is the formation of Clementinum famous library, which is associated 
with the name of his first director Karel R. Unger (1743-1807) who introduced not only the 
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first library reference system but also established a specific department of books written in 
Czech – the National Gallery. By the turn of 19’s Century the Clementinum library was 
exhibiting as many as 140 000 volumes. In 1783, ten years after the dissolution of the Jesuits 
Order, the Clementinum became the seat of education (General Seminary) and by 1784 was 
there created the Czech Society of Sciences (in the Czech language: Česká společnost nauk), 
which was closely connected with the origins and formation of the ancestor organization to 
the today’s Academy of Sciences.  
 

 
Fig.4: From left: Václav Šimerka (1819 – 1887), Friedrich Reinitzer (1857 – 1927),  Ernest Mach 
(1838 – 1916) and  Albert Einstein (1879 – 1955) 
 
1.3. Renaissance of Prague physics and noteworthy personalities 
 

The first half of the 19th Century mathematical and physical studies in Prague became 
again on a par with the world science [18-20]. Important role paid some scientists such as 
František J. Gestner (1756-1832) who is also known as a pioneer of the railway transport in 
Europe. Excellent achievements are duly associated with the name of Bernard Bolzano (1781-
1848) particularly in mathematical logic and analysis and with his friend Christian Doppler 
(1803-1853) who came to Prague from Vienna in 1829. His famous paper was inspired by 
astronomical phenomenon: the components of many binary stars differ from each other in 
color. Though, according to present knowledge, the observed color difference is due to the 
difference of surface temperatures and not to the difference in radial velocities, the principle 
itself is correct, being verified, e.g., in acoustics and optics.  

In 1867 arrived to Prague Ernest Mach (1838-1916) and spent there nearly 30 years. 
He is known for his discussion of Newton’s Principia and critique of conceptual monstrosity 
of absolute space in his book ‘The Science of Mechanics’ (1883). Mach encouraged and 
inspired one of his students (later professor of theoretical physics) Jan Koláček (1851-1913) 
to study some of his hypothesis later approving that the Mach’s theory correctly describes the 
dispersion of light, dichroism and circular birefringence. The Mach successor at Prague 
German University was Ernst Lecher (1856-1926) who is well known for his research on 
electromagnetic waves (i.e. ‘Lecher wires’). Mach also analyzed conceptual basis of 
calorimetry from more general, almost philosophical, point of views [38]. His influence on 
the further development of physics was tremendous and he established a mathematically 
specialized school - a great deal of his attention devoted to optics and acoustics. One of his 
personal scientific contacts was Czech famous Jan E. Purkyně (1787-1869) internationally 
known for discoveries in physiology. Another young assistant of Mach was Čeněk Strouhal 
(1850-1922), later first Czech professor appointed for experimental physics. His studies in 
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acoustic are well known and the Strouhal’s number concerning friction tones (oscillations) is 
named after him. He wrote an exceptional book on the science of heat [39]. 

 

  

FFiigg..  55::  FFrroomm  lleefftt::  Čeněk Strouhal (1850 – 1922) František Záviška (1879 – 1945), Jaroslav Heyrovský 
(1890-1967) and Stanislav Škramovský (1901 – 1983)
  

Czech priest and, unfortunately, rather unknown dilettante mathematician Václav 
Šimerka (1819–1887), cf. Fig. 4, introduced quantitative evaluation in psychology 
(particularly mentioning his logarithmic connotation of feelings) providing thus early basis 
for the theory of information [40]. Czech-born Friedrich Reinitzer (1857–1927) is famous as 
the discoverer of cholesterol (including its metamorphosis and stoichiometry formulae 
C27H46O) and is also known for his pioneering work in the field of liquid crystals (latter 
widespread by Lehmann). Bohumil Kučera (1874-1921) examined effect of electrical 
polarization on surface tension in the interface of two liquids prompting the idea of a new 
technique latter know as the drop-weight method, which provided physical basis for a new, 
today widely utilized,  analytical method called polarography [41] as introduced by Jaroslav 
Heyrovský (1890-1967), which was awarded by Nobel prize in 1959 [41]. We cannot present 
a more detailed historical foreword, for more details see, e.g., [42, 43].  
 A most prominent personality, which spent fruitful time in Prague was Albert Einstein 
(1879-1955) [44], a German physicist, originator of theories of relativity, laws of motion and 
rest, simultaneity and interrelation of mass and energy, quantum theory of photoelectric 
effect, theory of specific heats, Brownian motion, etc. (see the book ’Builders of the Universe’ 
1932). In 1911 he obtained his first professorship at theoretical physics at the German 
University of Prague where he closely cooperated with his friend professor of mathematics, 
Georg Pick (1859-1942). While in Prague Einstein published 11 papers, most extensive being 
the survey of the theory of specific heats and very important were studies related with his 
favorite problem – the interaction of radiation with matter and effort to construct a relativistic 
theory of gravitation [45].    

Worth noting is the so called Planck-Einstein transformation formula for temperature, 
which reads T = To √[1- (v/c)2)] [45] and which is possibly related to the previous dissertation 
work by K. von Mosengeil, posthumously published in ref. [46]. It means that the temperature 
of a body observed from the system moving with a relative velocity, v, is lower than the 
temperature in rest system. Basing on this idea in the article published in Ann. Physik 
26(1908)1, Planck assumed that the First and Second Law of thermodynamics keep their form 
in all inertial frames. In the year 1953, however, Einstein wrote a letter to M. von Laue in 
which he doubted the correctness of this formula and rather speculated about a formula used 
in the inverse form (temperature as observed in moving system is higher). This statement, 
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which was later proved by H. Ott [47], thus reads as T = To /√[1- (v/c)2)], see ref. [48]. In both 
these cases information about the temperature is regarded to be mediated by the coherent 
electromagnetic radiation. Interestingly, in the case, where temperature is considered to be 
essentially a local property and the thermometer reading is transferred to a moving system, 
e.g., by means of digital coding, the temperature, in the contrast to both above formulae, must 
be seemingly considered as ralativistically invariant as all other intensive properties of fields 
(pressure, etc.). Therefore, we need to look for an alternative relativistic transformation aimed 
towards the habitually adjusted meaning of certain physical constant [48], such as the 
traditional thermal constant viewed as a substitute, k ≅ ko √[1- (v/c)2], etc., [48]. 

 

 
Fig. 6. Approximate sketch of the parallel growth of thermodynamic conceptions with the portraits of 
some famous pioneers, left column from above: Joseph Black (1728-1799), Sadi Nicholas Carnot 
(1796-1832), Rudolf Julius Clausius (1822-1888), Josiah Willand Gibbs (1839-1903), Ludwig Eduard 
Boltzmann (1844-1906), right: Kelvin, Baron of Larges, Lord Williams Thompson (1824-1907), Jean 
Baptiste Fourier (1768-1830),  James Clark Maxwell (1831-1879), Max Carl Planck (1858-1947), 
Lars Onsager (1903-1976), middle: Sir Issak Newton (1642-1726), Clifford Ambrose Truesdell 
(1921-) and Ilya Prigogine (1917-2003).            
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Another distinguished, but unjustly not very appreciated, savant born in Prague was 

Reinhold Fürth (1893–1979) who devoted his scientific life to the research into the 
fundamentals of statistical physics [49]. Besides an extensive work concerning Brownian 
motion and noise phenomena he is also author of stochastic interpretation of quantum 
mechanics [50]. Accordingly to this theory, the Schrödinger equation is nothing but the 
classical diffusion equation with complex diffusion constant ~j/2m [51]. This statement 
became later a corner-stone of so called stochastic electrodynamics, which provides an 
alternative to quantum mechanics [47,48] and initiated our further studies in applied quantum 
physics [52-54]. Another target of our extended studies has been focused toward alternative 
thermodynamics based on the historical caloric in the meaning of entropy [12,55-57].  In this 
framework of the caloric theory the elementary derivation of the efficiency of real heat 
engines, ηK = 1 – √(T2/T1), was approved showing that it is a direct consequence of the 
linearity of Fourier’s law of heat transfer [57].  

One of the outstanding Czech teachers, who earned great merit for introducing modern 
theoretical physics and thermodynamics to the curriculum of Charles University, was 
Frantisek Záviška (1879-1945), cf Fig. 5. One of his textbooks was the first monograph on 
relativity published in Czech and he is an author of excellent books on thermodynamics [58]. 
He also concerned waveguides and independently deduced relevant theory early before the 
microwave technique became important. Other notable physicist was Augustin Žáček (1886-
1961) who studied damped electromagnetic oscillations in vacuum electronic systems. His 
extended studies culminated at 1924 in the discovery of the principle of magnetron, later 
becoming the basis for development of radar systems. 
 
1.4. History of thermal analysis 

 
Roots of thermal analysis extended back to the 19s Century where temperature 

became a monitorable parameter [43,58-60] associated with underpinning the field of 
thermodynamics, see Fig. 6. Most important was the development of ‘thermocouple’ [61] as a 
more accurate temperature measuring device, which rapidly gets wider use as followed by 
Osmond [62] who investigated the heating and cooling behaviour of iron with a view to 
elucidating the effects of carbon so that he factually introduced thermal analysis to then most 
important field: metallurgy. However, in 1891, Roberts-Austen [63] was known to construct a 
device to give a continuous record of the output from thermocouple and he termed it as 
‘Thermoelectric Pyrometer’. Such an innovative system of measuring the temperature 
difference between the sample and a suitable reference material placed side-by-side in the 
same thermal environment, factually initiated the development of DTA instruments.  

The term thermal analysis was introduced by Tammann [64] within the years 1903-
1905 who demonstrated theoretically the value of cooling curves in phase-equilibrium studies 
of binary systems. It was helped by this new approach that enabled the determination of 
composition of the matter without any mechanical separation of crystals just on basis of 
monitoring its thermal state by means of its cooling curves – the only method capable of a 
rectifiable examination of hard-to-melt crystal conglomerates.  

The first automatic control was published by Friedrich in 1912 [43], which used a 
resistance box with a specially shaped, clock-driven stepped cam-plate on top. As the cam 
rotated it displaced a pawl outwards at each step and this in turn caused the brush to move on 
to the next contact, thus reducing the resistance of furnace winding. Suitable choice of 
resistance and profiling of the cam achieved the desired heating profile. There came also the 
reduction of sample size from 25 g down to 2.5 g, which reduced the ambiguity in melting 

40



point determination from about >2 C down to ~0.5 C. Rates of about 20 K/min were fairly 
common during the early period later decreased to about quarter. Early in 1908, it was 
Burgess who considered the significance of various experimental curves in detail concluding 
that the area of the inverse-rate curve is proportional to the quantity of heat generated dived 
by the rate of cooling.  

 

 
Fig.  7. Upper: Thermo-Electric Pyrometer of Roberts-Austen (1881) showing the instrument (left) and 
its cooling arrangement (right) with particularity of the sample holder. Middle: Historical photo of the 
early set-up of Hungarian “Derivatograph” (designed by brothers Paulik), which was one of the most 
frequent instruments in the former Eastern bloc. Below the photo of one time very popular and 
widespread instruments for high -temperature DTA produced by the Netzsch Gerätebau GmbH (Selb, 
Germany) from its early version (left) presented to the market on fifties up to the latest third-generation 
rendering new STA 449 F1 Jupiter (right). The middle type (yet based on then fashionable analogous 
temperature control) was notably sold during seventies and survived in many laboratories for a long 
period (being gradually subjected to enduring computerization and digital data processing) [43]. 

 
The few papers published in the period up to 1920 gave, however, little experimental 

details [43] so that White was first to show theoretically the desirability of smaller samples 
providing a more exhaustive study of the effect of experimental variables on the shape of 
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heating curves as well as the influence of temperature gradients and heat fluxes taking place 
within both the furnace and the sample. It is obvious that DTA was initially more an empirical 
technique, though the experimentalists were generally aware of its quantitative potentialities.  

Final theoretical analysis of DTA was based on the calculation of heat flux balances 
introduced by Factor and Hanks [66], detailed in 1975 by Grey [67], which premises were 
completed in 1982 by the consistent theory made up by Holba and Šesták [68]. It was 
embedded within a ‘caloric-like’ framework centred on macroscopic heat flows encountered 
between large bodies (DTA cells, thermostats) co-developed for a generalised calorimetric 
classification by Velíšek [69]. Present DTA/DSC instruments marched to high sophistication, 
computerization and miniaturization, see Fig. 7. 

Another modification was found necessary for high-resolution temperature derivatives 
to match to the ‘noise’ in the heat flow signal. Instead of the standard way of eliminating such 
‘noise/fluctuations’ by a more appropriate tuning of an instrument, or by intermediary 
measurements of the signal in distinct windows, the fluctuations were incorporated in a 
controlled and regulated way. The temperature oscillation (often sinusoidal) were 
superimposed on the heating curve and thus incorporated in the entire experimentation – the 
method known as temperature-modulated DTA/DSC (Reading 1993 [70]). This was preceded 
by the method of so-called periodic thermal analysis introduced by Proks as early as in 1969 
[71], which was aimed at removing the kinetic problem of ‘undercooling’ by cycling 
temperature. Practically the temperature was alternated over its narrow range and the ample 
investigated was placed directly onto a thermocouple junction) until the equilibrium 
temperature for the coexistence of two phases was attained. 

Most DTA instruments can be described in terms of a double non-stationary 
calorimeter [2,12,69,72] in which the thermal behavior of the sample is compared with that of 
an inert reference material. The resulting effects (temperature difference ΔT) can be analyzed 
at four different but gradually escalating levels: fingerprinting (identity), quality, quantity 
(peak areas) and kinetics (peak shape). Consequential DSC traces are of a different nature 
evaluating instead temperature difference (ΔT ⇒ 0) compensating heat fluxes introduced to 
equalized temperatures of the sample and the reference. Both DTA/DSC were extensively 
applied to study behavior of glasses [2,9,12,43] because of its easy accessibility. Most useful 
demonstration of inherent processes is viewed as a diagram of temperature (T) versus 
enthalpy (H) [73], which derivative resembles the entire DTA/DSC curve, see below Fig. 8.  

The historical development and practical use of DTA in the territory of former 
Czechoslovakia [73] was linked with the names Josef Burian (1873-1942), see Fig 9.,  Otto 
Kallauner (1886-1972) and Joseph Matějka (1892-1960) who introduced thermal analysis as 
the novel technique during the period of the so called “rational analysis” of ceramic raw 
materials [74]. Much credit for further development of modern thermal analysis was attributed 
with Rudolph Barta (1897-1985) who stimulated thermal analysis activity at his coworkers 
(Vladimír Šatava, Svante Procházka or Ivo Proks) and his students (Jaroslav Šesták) at the 
Institute of Chemical Technology (abbreviated as VŠChT) in Prague.   

In this aspect a special notice should be paid to the lengthy efforts, long journey and 
fruitful service of International Confederation of Thermal Analysis and (later) Calorimetry 
(ICTA/ICTAC) as an important forerunner and developer in the field of thermal analysis, cf. 
Fig. 10. It has an important preceding history [43] connected with the former Czechoslovakia 
and thermoananlytical meetings organized by Prof. R. Barta just mentioning earliest” the 1st 
Conference on DTA, Prague 1956, the 2nd (Prague 1958) and the 3rd Conference on 
Thermography, Prague 1961 and the 4th Conference on DTA in Bratislava 1966. Robert C. 
Mackenzie (1920-2000) from Scotland was an invited guest at the 1961 meeting and upon the 
previous communication with Russian L.G. Berg, US P.D. Garn and C.B. Murphy as well as 
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Hungarian L. Erdey an idea for the creation an international society was cultivated aiming to 
enable easier contacts between national sciences, particularly across the separating ‘iron 
face”, which in that time divided the East and West Europe [43]. The first international 
conference on thermal analysis was then held in the Northern Polytechnic in London, April 
1965 and was organized by British scientists namely B.R. Currell, D.A. Smith, J.P. Redfern, 
W. Gerrard, C.J. Keattch and D. Dollimore with a help of R.C. Mackenzie and US professors 
P.D. Garn and W.W. Wendlant, Canadien H.G. McAdie, French M. Harmelin,  Hungarian L. 
Erdey, Swedish G. Berggrenn and Italian G. Lombardi.  Some invited speakers from 

 

 
 

Fig. 8. Left column: solid line indicates regions of stable gaseous, liquid and solid phases while 
dashed lines designate regions of metastability (undercooling) and thin line unstable territory of 
glass. Normal or rapid liquid cooling (RC) can result to either equilibrium or retarded crystallization 
(exo-peak, Tcr) or non-equilibrium vitrification trough the step-wise glass transition (Tg). Under 
consequent reheating DTA/DSC shows exothermic crystallization (Tcr) commencing below 
temperature of melting (Tm). Distinctive amorphous phase (obtained, e.g., by vapor deposition – VD) 
can habitually behave differently because its more reactive state can enhance early crystallization 
overlapping thus with glass transition (such effect thus often neglected or misinterpreted). Certain 
points are conveniently employed for material characterization, such as the reduced temperatures 
(Tg/Tm)[153], Hrubý coefficient of glass-formation (Tc-Tg)/(Tm-Tg) [2, 12,163]. In the right column are 
shown some typical experimental traces of thermal characterization of glass transformation region 
(Tg), which are found distinctive for dissimilar materials and/or different heating rates (β) or when 
involving additional temperature annealing [2]. It well illustrates a wide spectrum of possible non-
equilibrium portraying of Tg transition strongly related to the experimental conditions applied [72].   
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the East Europe were particularly asked to come over to bridge then existing tough political 
control on physical, freedom and civil frontiers then strongly restricting the human rights of 
the Easterners (dominated by Soviet Union until the late 80s), such as F. Paulik (Hungary) 
and J. Šesták (Czechoslovakia). The consequent ICTA foundation in Aberdeen, September 
1965, was thus established by these great progenitors of thermal analysis, besides above 
mentioned Barta and Mackenzie, particularly pointing out Russian Lev G. Berg (1896-1985) 
and US Cornelius B. Murphy (1918-1994), the first ICTA presidents. Consequentially the 
Czech group on thermal analysis (CWGTA) working at the Czech Chemical Society started to 
function in the year 1972, their chairmen gradually being Karel Habersberger, Vladimír 
Balek, Jaroslav Šesták and recently Petra Šulcová.  
 More details about the history and state-of-art of thermal science and the associated 
field of thermal analysis were published elsewhere [12,20.42,43,59, 60,73]. 

 

  

FFiigg..  99..  Leading personalities in the early age of pioneering field of thermal analysis in the former 
Czechoslovakia, among others Josef Burian (1873-1942), Rudolf Barta (1897-1985)- ICTA confounder 
in the year 1965, Vladimír  Šatava (*1922) and Ivo Proks  (*1926) 

 
Worth a special attention is an original development of weight measurements that is 

connected with the name Stanislav Škramovský (1901-1983), who, at the Charles University, 
investigated thermal decomposition of complex oxalates which led him in 1932 to his own 
construction of an apparatus named “stathmograph” (from Greek “stathmos” = mass, weight) 
[75] that made it possible to measure mass changes. Independently, in the same time Duval 
used for his way of weight measurements the Latin-based term “thermogravimetry” that later 
became generally accepted in thermal analysis [12,43]. As the principle scheme of the 
stathmograph instrument is not generally known, it is perhaps worth mentioning to describe 
the arrangement. Škramovský placed a weighted sample into the drying oven on a dish 
suspended on a long filament passing through a hole in its upper wall (forming the balance 
case) and hooked to the left arm of an analytical balance. A mirror attached to the beam was 
reflecting the image of alight slit into a slowly rotating drum lined with photosensitive paper. 
The unwanted vibration was reduced by an attached glass rod immersed into paraffin oil and 
temperature was registered automatically by means of a mercury thermometer provided by 
platinum contacts distributed along the whole length of capillary.  

Some other original principles and unique techniques were developed and applied by 
the Czech-Slovak scientists, such as a periodic thermal analysis by Proks [71], permeability 
thermal analysis by Komrska [76], dielectric thermal analysis by Bergstein [77], photometric 
thermal analysis by Chromý [78], hydrothermal thermal analysis by Šatava [79] and 
emanation thermal analysis by Balek [80]. The development of the determination of heat 
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capacities at high-and-low temperature ranges was also significant such as a high-temperature 
calorimeter, which was designed by the Roubal [81] allowing determination of heat capacities 
in the range of 900-1900 K. Furthermore Pekárek initiated the construction of a isoperibolic 
calorimeter for the determination of hydrogenation heats in catalytic studies [73,82] and 
Tydlidát designed a calorimeter for investigating the hydration of cement pastes at increased 
temperatures [83]. It was preceded by the development of one of the first commercially 
produced thermogravimetric instrument named “TEGRA” and constructed by Blažek [84]. 
 

 

Fig. 10. 
Some representative personalities 
significant for the progress of  the field 
of thermal analysis on the 
international scene (including the 
founders of the International 
Confederation for Thermal Analysis 
(latter included appendix Calorimetry) 
– ICTA/ICTAC): 
 
From the upper left: late Cornelius B. 
Murphy (USA), late Robert C. 
Mackenzie (Scotland), late Wesley W. 
Wendlandt (USA) and Gianni 
Lombardi (Italy. 
 
Below: late Lev G. Berg (Russia),  
late David J. Dollimore (England later 
USA), late Paul D. Garn (USA) and 
Bernhard Wunderlich (USA),  
 
Yet  below: Jean-Pierre E. Grollier 
(France) Takeo Ozawa (Japan), 
Joseph H. Flynn (USA) and Hiroshi 
Suga (Japan) 
. 
 Bottom: late Ferenc Paulik 
(Hungary), late Cyril J. Keattch 
(England), Vladimir Balek (Czechia) 
and Klaus Heide (Germany) 

 
1.5. Some introductory aspects of glass and its historical features 
  
 Glass is often viewed as a remarkable non-crystalline substance regarded to have magical 
origin though usually made from the simplest raw materials upon the effect of firing. Mimicking 
evolution, however, became responsible for the creation of further families of a wide variety of 
glassy materials, which have gradually appeared through human creativity particularly during 
last hundred years. Properly chosen procedure of rapid extraction of heat (= quenching) turned 
up to be in charge for a successful glass-formation (= vitrification) of almost all substances in 
general (thus assistant for physicists to prepare glassy state from different sorts of various 
inorganic materials even metals) in contrast to the previously mentioned, traditional chemical 
approach seeking just for an appropriate composition to vitrify under a customary self-
cooling. 
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      The first natural glasses were formed as the Earth cooled and therefore predate creation 
of living organisms by about 1.5 billion years. Such primordial glasses were limited in 
composition and versatility as were the first primitive unicellular organisms (bacteria), however, 
some compositions (in an unstable state of glass) have survived unchanged enormously long 
(similarly to certain strains of bacteria). A still open intellectual terrain ahead is apparent in 
each of the material class associated with real bodies either advanced naturally or created 
synthetically - particularly interested in glasses when assuming rather curious but apparent 
degree of similarity with biopolymers (genes) [85]. Both are in a reinforced (unstable 
thermodynamic) state formed due to kinetic reasons, which are existing until glasses transform 
into a stable structure (melt of the lowest free energy) or biopolymers (occurring as parts of 
living organisms) stops its biological activity (life). Both glasses and biopolymers adapt to their 
environment and previous history and there is an almost limitless range of compositions of 
glasses and countless numbers of different living species, each family having particular 
molecular building blocks and severe structural rules although some compositional restrictions of 
glasses were gradually overcome. Although the origin of glass is nevertheless lost in 
prehistorically obscurity all imaginable glasses can be synthesized making thus the natural 
and manmade glasses indistinguishable. Another intriguing parallel can be drawn in their 
spontaneously apparent emergence of new phyla or groups of species involving both the 
disordered state of glasses and highly ordered situation of biopolymers as well as their often 
highly non-equilibrated status.   
       The structure and properties of these materials are understood and subjected to 
monitor in ways that were unheard of decades ago (although materials have been central to 
the growth, prosperity, security and quality of life of humans since the beginning of history 
[86-93]). Despite all the similarities one difference is fundamental: life forms are self-
replicable and living organisms cannot be created in the laboratory yet; any attempt did not 
even produce a simple protein macromolecule. All cells contain proteins and, on the other 
hand, proteins synthesis requires enzymes. So how biosynthesis could begin without enzymes 
is the question to be resolved. This dilemma may involve our better understanding of possible 
convergence of glass and genes assuming known bioactivity of certain inorganic glasses, 
particularly their “–OH” active surface capable of binding to living tissues under their specific 
compositions, porosity (‘self-similarity’ and ‘fractality’ [2,3,12]) and pre-treatments [2,85]. 
 The diversification of glasses has been known since humans learned how to control fire - 
roughly few hundred thousand years ago. The first manmade glasses were synthesized 
unintentionally by the fortuitous smelting of sand and alkaline plant flux by fire about ten 
thousand years ago. Glass-working was mentioned with connotation “just to take plentiful sand 
and plant ashes and, by submitting them to the transmuting agencies of fire to produce melt 
which whilst cooling could be shaped into a an infinite variety of forms, which would solidify 
into a transparent material with appearance of solid water and which is smooth and cool to the 
touch, was and still is a magic of the glass workers art ”. Some glasses were created naturally 
[86] by accidental melting due to the charge of lightening (‘lechatelierite’) and worth of noting 
are ‘obsidians’ (glassy volcanic rocks consisting of natural acidic silicate glasses exhibiting a 
high melting point) and ‘pumice’ (famed volcanic glass), which were formed by terrestrial 
upshot of volcanism and have attracted the men’s attention since prehistoric times (used as 
cutting instruments, amulets or cult objects). A special attention deserves tektite-strewn fields 
famous for deeply sculptured pieces of olive greenish, usually rapidly frozen, droplets of a 
meteoritic impact origin (in the Southern Bohemia are known as Moldavites  since their proper 
description in 1787 when they were listed among precious stones used in jewelry).  It is also 
worth noting that the extent of natural glass on earth is in the range of a tenth of a percent with 
the ratio of about 4000 minerals versus mere 5 types of natural glass while on the moon (and 
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possibly also other planets) it is possible to identify only ~60 minerals against 35 glasses- the 
frequency of glass deposits being at least one order of magnitude higher than that on the Earth.  
     An important role in the medieval development of glass making was played by North 
Bohemia [90,91]. Surrounded by mountains the most remarkable factor was the creation of the 
oldest glassworks in the continent, some of them were operating without interruption from its 
foundation (such as in little town Chřibská since 1414). Contrary to the greater part of preserved 
German medieval glass, usually of a rich green color due to the admixture of iron, the glass of 
Bohemian firings [92,93] is as a rule lighter, almost transparent, and only a little tinged with 
yellow, brown or light green.  Glass cups and goblets of various shapes were decorated on their 
surface with large or small stuck-on bead adornments. Hollow glass of the 14th Century 
manifested a long-standing production tradition with its refined shapes and difficult and 
complicated hand-executed decorations.  The most typical glass of the Czech environment were 
flute shaped glass beakers, tall slender goblets called the "Bohemian type", Bohemian glass, 
however, was never so fine and flexible as so called “Venetian glass” [90], which was more 
suitable for forming fantastically shaped vessels (because rich in soda from sea plants it was 
less viscous).  On the other hand, beech (and both less frequent and suitable oak) wood used for 
firing, the refined ash, rich in lime and potash, and the country's quality siliceous sand 
contributed to the greater purity of the Bohemian glass which was composed of potassium 
calcium silicate. Hard, clear glass which resembled natural rock crystal, generally called 
Bohemian mountain glass, was suitable for engraving and foreign producers considered 
themselves privileged when given the right to make glass marked "ad uso de Bohemia".                       
    Several notable milestones of more modern science depended on the availability of 
onwards glass as a preeminent choice of alchemist for their apparatuses. Relatively unstable and 
fragile glass was always essential for many chemical operations in early times. Dissatisfied with 
the chemical durability of glass, glass properties were modified by adjusting composition; 
however, this could not yet have been done properly because chemistry was still on a mystical 
basis, and the techniques of analysis needed did not exist.  An important cornerstone was 
Galileo's work on the motion of planets based on glass lenses in astronomical telescopes as well 
as Newton's pioneering work in optics (1666) requiring in addition prisms and mirrors. Other 
basic investigations required specific glass apparatuses to describe the properties of gases, 
introduce thermometry, barometry and develop microscopy.  The first reasonably documented 
description of glass-making procedures is associated with the invention of lead glass around 
1676. The most influential books appeared to be Neril's  "L'Arte Vetraria"  (1612) and Kuncel's 
"Ars Vitraria Experimentalis" (1679) which were translated into other languages (as well as 
many others such as the Encyclopedia published in the year 1765, etc.) all of them remained, 
however, not more than recipe manual. In the middle of the seventeenth century a proper 
understanding of heat was yet lacking so that melting, solidification and glass formation could 
not be understood well enough so that the only important glass properties were those easily 
measurable were, such as density and refractive index.    
      The other problem was associated with furnaces, first, the material to build them from, 
secondly, how to attain a high enough temperature together with a way to measure and control 
it.  The net caloric value of wood decreased with moisture content, falling almost to zero at 
about 70% of moisture. Even well dried wood still contained around 20% of moisture so that 
the maximum temperature attainable did not exceed 1200 oC. A typical (Bohemian) furnace was 
above ground level, vaulted and oval in shape, in which glass was obviously also pre-melted, 
melted and blown, with a lower part for annealing of glass on the opposite side to the orifice for 
product insertion.  The exhausted gases passed over the pots and out of the working holes where 
a space was reserved for oak wood drying. An extraordinary good level of medieval 
glassmaking is exhibited by the quality of mosaic still retained on the Golden Gate of Prague's 
St. Vitus Cathedral ("The Last Court" from 1370-1376).                                                            
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      Since medieval times manual skill allowed the making of window glass by the crown 
process (forming a shallow bowl and, after reheating, spinning to make it open into almost a 
flat circular disc) and by the cylinder process (blowing a cylinder, cutting off the ends and 
cracking it longitudinally) often mentioned as "procede de Boheme". Chemically resistant 
boron-containing glass was produced as early as in 1830 by Kavalier and later continued by 
high silica glass (80% SiO2) called “unexcelled”. The nineteenth century showed an enormous 
progress in optical glasses through effective stirring and later by fruitful investigation of the 
property versus composition relationships. The tank furnace made possible continuous large 
scale production, and machines for automated production of containers were most innovative 
in the glass industry. By the turn of the century Owens produced a successful six arm rotary 
machine which differed from most others in the way it was supplied with glass, and it 
remained almost unchanged until the 1960s when it was supplanted by gob feeders. Patents 
for sheet glass production date back to the 1850s but with little success. The invention of 
mechanical drawing of sheet glass was made by the Belgian Fourcault in 1914 but not 
finalized due to the war.  The actual production took place in 1919 in a newly built 
glassworks in North Bohemian Hostomice. The original serial pulling was there later 
improved by the system called "Bohemian cross", but the most important large scale 
production took place in the 1950s by a rather expensive redundant plate process (laying melt 
to cool on the surface of liquid tin). The production of foam glass and fused basalts is also 
worth mentioning in the same period. The large scale production of glass fibers for insulation 
and for textiles was another important twentieth century development as well as less known 
advances in high quality, dimensionally accurate pressing or optical fibers, gradient index 
glasses, etc. As a curiosity we can mention that the first British TV employed a screen in 
which bulbs were handmade by precise blowing from a single piece of lead glass and then 
were imported from the former Czechoslovakia in the late 1930’s. Since that the sphere of 
glass developed to unimaginable diversities, see next Fig. 11.   
 

 
Fig 11. Various images of glass and glassy state, from left: cut led-containing oxide glass, magnetic 
metallic glassy ribbons, hydrophilic gelled lenses and micro-photos of either the biological glass 
emerging in undercooled plants and the non-crystalline portrayal of natural sedimentary opal.    
 

As a matter of interest, Czech scientists have become world famous in macromolecular 
chemistry of polymers especially when introducing ‘hydro gels’ as a widely used material for the 
fabrication of contact lenses for eyes. Such an idea for correcting eye astigmatism was first 
mentioned in the year 1827 by the British physicist Herschel but was realized in practice as late 
as 1887 by the eye glass craftsman Müller who used very well cut and polished glass pieces. The 
Czech physician Teissler succeeded in replacing rigid oxide glass by a rubbery material based on 
celluloid foil as early as 1935. The major ‘mismatching’ disadvantage (the difference between 
the mechanical properties of lenses and the cornea) was not defeated until the 1952 invention by 
O. Wichterle and D. Lim who proposed the use of hydrophilic gels to match not only the 
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mechanical properties of the cornea but also to enable a free exchange of biological liquids and 
oxygen. It was first prepared by radical polymerization of methacrylesters of ethylene glycol 
obtaining poly(2-hydroxyethyl methacrylate), abbreviated as poly(HEMA). It becomes easily 
water-swollen but still remaining mechanically applicable.  The problem of preparation of 
optically well-defined lenses’ geometry was overcome by rotatory casting (legendary realized on 
bases of a toy brick-box) and since it has become a Czech patent widely applied in various 
countries (particularly USA). Nowadays this type of material is used not only for intraocular 
lenses but also for bio-imitation of other organs such as blood vessels, etc. It is clear that a 
special world of glassiness may naturally include constitution of almost all organic 
macromolecules, including polymers and overall plastics, which we herewith incorporated into 
our account of amorphous materials. 
 
1.6. Following lines of glass investigation 
 
 The sort of non-crystalline materials, which are called glasses are special resources 
that are formed merely under favorable thermally non-equilibrium conditions; which are 
either provided by nature or created by man. We should note that the previously used term 
“non-crystalline” comprise two expressions where “amorphous” is a more general, generic 
term (often associated with methods of disordering such as intensive polycrystalline milling) 
in comparison with the term “glass” (linked with the melt cooling technique called 
‘vitrification’); glasses subsists also a rather universal engineering material. Most glass 
products manufactured on a commercial scale are made by suitable cooling a mixture from 
their state of melt/liquid. For some particular applications, glasses are also made by other 
technologies, for example by chemical vapor deposition to achieve extreme purity, as required 
in optical fibers for communication, or by roller shilling in the case of amorphous metals, 
which need extremely high cooling rates (‘quenching’). Variation of the composition results 
in a huge variety of glass types, families, or groups, and a corresponding variety of properties. 
In large compositional areas of oxides, the properties depend continuously on composition, 
thus allowing one to design a set of properties to fit a specific application. In narrow ranges, 
the properties depend linearly on composition; in wide ranges, nonlinearity and step-function 
behavior have to be considered. The most important historical and subsequently engineering 
glasses are mixtures of various oxide compounds. For some special requirements, e.g., a 
particular optical transmission window or coloration, fluorides, chalcogenides, and colloidal 
(metal or semiconductor) components are also used. A very special glass is single-component 
silica, which is a technological material with extraordinary properties and many important 
applications. On a quasi-macroscopic scale (> 100 nm), glasses seem to be homogeneous and 
isotropic; this means that all structural effects are, by definition, seen only as average 
properties. This is a consequence of the manufacturing process associated with various 
cooling rates and undercooling states. A structure with a well-defined short-range order (on a 
scale of  < 0,5 nm, to fulfill the energy-driven bonding requirements of structural elements 
made up of specific atoms) and a highly disturbed long-range order (on a scale > 3 nm, 
disturbed by misconnecting lattice defects and admixture of different structural elements). 
When on cooling the crystallization is bypassed, we speak of a frozen-in, super-cooled or 
better undercooled, liquid-like structure. This type of quasistatic solid structure is not 
controlled by traditional thermodynamics only but is greatly depending on kinetics and thus is 
not in a completely stable state, which tends to relax and slowly approach an associated 
equilibrium structure of melt (whatever this may be in a complex multicomponent 
composition representing a minimum of the Gibbs free energy). This also means that all 
properties change with time and temperature, but in most cases at an extremely low rate, 
which cannot be observed under the conditions of classical applications (in the range of ppm, 
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ppb, or ppt per year at room temperature). However, if the material is exposed to a higher 
temperature during its practical dispensing or in the final application, the resulting relaxation 
may outcome in an objectionable deformation or internal stresses that then limit its 
consequent use.  
 The melt-cooling processes responsible for the formation of vitreous states are not the 
only methods which generate glassiness. Low temperature digenetic and biotic processes also 
result in amorphous solids such as hyalites and opals (when the ‘opaline’ state is a status 
containing curiously a low degree of short range order while attaining a high degree of order 
at long range). Other non-crystalline materials are various alumina-silicates (based on the 
mixture of meta-kaolin with an alkaline activator producing thus hardening pastes), which are 
frequently termed as alkaline inorganic polymers, geo-polymers or hydro-ceramics exhibiting, 
among other interesting properties, amalgamated qualities peculiar to cements with those of 
glass-ceramics and zeolites. They need a special attention targeted in the consequent chapters. 
 There are thousands worth noting researches, scientists and engineers who contributed 
better understanding of glass science and technology mentioning just few. Among the mostly 
significant scientific achievements was the Griffith's theory [94] of the strength of brittle 
materials published in 1920s. X-ray diffraction analysis was a particularly exciting field 
having enormous impact on glass science in the first quarter of the 20’s Century. It led 
Zachariesen (1932) to consider his principles on how bonding requirements were met and 
nearest neighbor coordination maintained without imposing an exact long range order [95] 
common for crystalline materials. Other important notional impacts were done by Tammann 
[96] , Vogel [97],  Fulcher [98], Kauzmann [99], Tool [100], DiMarzio [102],  Turnbull [102], 
Frenkel [106] (and many others such as Davis, Gibbs , Cohen, Angel, Fisher, etc.) not 
forgetting Kreidl [115], see Fig. 12., which were mostly aimed toward the theory of glass 
formation and glass transition. In particular Davies’ and Jones published early treaties on 
thermodynamics of glass formation [104] and from that time there have appeared countless 
studies, which were trying to clarify the disequilibrium state of glasses, the status of which, 
however, still remains in the focal point of better understanding of glassiness [105], see more 
details in this book introductory chapter. There is available a wide range of various books on 
inorganic [e.g. 106-140] as well as organic [141- 149] glasses and many thousands of papers 
laying outside of any real reach of citing and  reviewing them (just mentioning our survey 
publications completed in the framework of the Institute of Physics [150-163]).  

 

 
Fig. 12. Some famous personalities in the glass research, from left: D. Turnbull, N.J. Kreidl,              
J.  Frenkel and G. Tammann 
 

It is worth noting that the theoretical progress is still ongoing particularly pointing out, 
for example, novel frontiery means of a geometrical modelling based on an abnormal pen-
tagonal assemblage (notoriously known to be incapable to fill any area completely with its 
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irregular 5-fold symmetry) but yet providing possibility to arrange a surface and/or space tilling 
in an asymmetrical but repeating manner [7]. These yet avant-garde constructions have already 
found applicability in portraying the cluster structure of liquid water [9] and may become useful 
in describing the randomness state of non-crystallites and glasses [2], see the first paragraph. 
Worth of a further accentuating is also the long-lasting promotion on glass carried out by the 
International Commission on Glass (ICG), outstandingly achieved by its Committee on glass 
nucleation and crystallization (abbreviated ‘CT 7’, see the next Fig. 13.) toward the progress 
of glass science and technology of mostly inorganic systems based on oxide.  

 

 
Fig. 13.  The 2001 composition of TC7 committee (of ICG) working in the configuration (from right) 
G.  Völksch (Germany), V.M. Fokin (Russia), M. Davis (USA), R. Müller (Germany), late P. James 
(UK), kneeing  E. Zanotto (present chairman,, Brazil),  late  M. Weinberg (USA), W. Hölland  (past 
chairman , Liechtenstein), T. Kokubo (Japon), I. Szabo (Hungary), I. Donald  (UK),  L. Pinckney 
(USA), W. Panhorst (former chairman, Germany), J. Šesták (Czech Republic). 

 
Since the thirties the conferences on oxide glasses started and their regular series were 

later followed by conferences on non-conventional glasses (chalcogenides in 50s, metals in 
70s and halides in 80s). An extensive search for novel glass with properties not previously 
known or studied was launched within which prevailed chemical-like studies trying to find 
(for a given method of a technologically convenient cooling) a relevant composition with 
advantageous properties. It was located in contrary to an avant-garde physical approach 
enduring to find a fast enough method of quenching for every-individual (given) material 
[among others: 109,126,132,150,154]. It resulted in the introduction of novel families of 
unconventional glasses; first varieties, worth mentioning, are the non-oxide glasses of 
chalcogenides [109], metals [110-113,119] or fluorides [120], which exhibited many general 
features shared with oxide glasses. Serial interdisciplinary conferences were started in the 
fifties and most wide-spreading came later with the challenging development of xerography, 
electro-photography, lithography, etc.. Afterward, there appeared quite unexpected inorganic 
systems of which halide, oxynitrade and metallic glasses are most notable. Since the sixties 
those motivation unlocked the regular meetings scattered to multiple specializations and 
applications. Halide glasses, for example, have a potential for exploitation as ultra low-loss 
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optical fibers (operating in the mid IR and nonlinear optics), while "metglasses" and 
nowadays a more sophisticated nano-crystalline "finemetals" have already found their place in 
various magnetic materials (exhibiting parallel spins in crystalline ‘ferro-magnetic’ and 
disparate spins in glassy ‘spero-magnetic’ states [119]). Worth noting is also the underpinning 
of glassy-like carbon in the 1960s, which is achieved by solid carbonization of thermosetting 
resins (once used for inert implants) that appearing in the same year as the first metallic glass 
by splat cooling of Au-Si alloys [110-113]. There, however, was an almost parallel progress 
of the particularized description of vitrification and crystallization in different material’s 
branches all based on the divergent but consequently unified theories of nucleation and crystal 
growth, which was also true for another, previously somehow separate, makeup of organic 
and polymeric glasses of various macromolecular systems?  

Nowadays the formerly variant theories have marched to amalgamation [e.g., 122-
138,147-149,158-161]. Among many others let us just mention that well before the 
development of any generalized nucleation theory for condensed systems, Tammann [96] 
already called earlier attention to a tendency revealing that the higher the melt viscosity at the 
melting temperature, the lower is its crystallizability. Qualitatively, this tendency can be 
explained by an increased inhibition of motion or molecular rearrangement of the basic units 
of any melt with increasing viscosity. Later, for chalcogenide systems, Hrubý [163] defined a 
phenomenological glass-formation tendency more rigorously as the ratio between the 
differences of temperatures of the crystallization Tc, melting Tm and glass transition Tg ,( i.e. 
(Tg-Tc)/(Tm-Tg) [72, 163,164] – cf. previous Fig. 8). Regarding the reduced glass transition 
temperature, Tgr, [153] Zanotto concluded [165] that glasses having Tgr (= Tg/Tm) higher 
than ~0.59 display only surface (mostly heterogeneous) crystallization, while glasses showing 
volume (homogeneous) nucleation posses Tgr < 0.59 [165] (as supported by experimental 
nucleation data for abundant silicate glasses). He also assisted creation of a rather consistent 
theoretical basis summarised in ref. [166], which alternatives are also the subjects of the book.  
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2. PHENOMENOLOGICAL MEANING OF TEMPERATURE  

 
Jiří J. Mareš 

 
 

Dolus latet in universalibus 
 
2.1. Introduction 

 
It is difficult to imagine the immense effort which was necessary for the 

transformation of ancient theory of thermal phenomena based on the peripatetic concepts of 
Antiperistasis and Doctrine of Four Elements (coldness, hotness, dryness, humidity) [1,2] into 
the modern system based on measurable quantities having definite magnitudes and physical 
dimensions, which would be convenient for effective mathematical processing. Path-breaking 
statement “Coldness is nothing but the absence of hotness” which can be found in the 
Galileo’s correspondence with his pupils [3] and denying the very fundaments of Aristotelian 
physics, was probably even more heretical than his famous statement concerning the rotation 
of Earth. It should be noticed here that the research into the thermal phenomena is enormously 
difficult in comparison with e.g. the research into the mechanics because the concepts 
involved are of very abstract nature. For example, it took an appreciable time, more than 
~150 years, till the “intensive” and “extensive” aspects of heat were in a pregnant way 
introduced into the thermal physics by J. Black [4], where they substituted a vague term of 
“heat” closely related to our sensations. Another serious obstacle in the development of 
thermal physics is its universality. Considering namely any process in the nature, one 
immediately recognizes that it is controlled or at least influenced by the “thermal” conditions 
in which it takes place. Therefore the theory of thermal phenomena has to be inevitably quite 
universal and consequently very prone to misinterpretations and far reaching persistent errors 
(according to our motto in the heading, “Deception is concealed in the universality”). Keeping 
thus in mind just this last important circumstance, we have made an attempt to outline anew 
the logical structure of the phenomenological thermal physics which is, as we are convinced, 
far from being well established. In this short review we have focused our attention mainly on 
one crucial concept of the thermal physics, namely on the temperature. 

What does the temperature actually mean? It is a classically simple question 
astonishingly lacking an appropriate answer. The answers, namely, which can be found in the 
textbooks on thermodynamics, are only hardly acceptable without serious objections. For 
illustration, let us give a few typical examples here and the reader himself can easily find 
others in the current literature. To the most hand-waving belong the statements such as that 
“the temperature is known from the basic courses of physics” or even “temperature is known 
intuitively”. More frankly sounds the practical formulation that “the temperature is reading on 
the scale of thermometer” throwing doubt, perhaps without awareness, upon the very 
existence of temperature if the thermometer is not at our disposal. In contrast to it, rather 
philosophical is the statement that “temperature is a physical property of a system that 
underlies the common notions of hot and cold” which, nevertheless, rather specifies what the 
temperature should be, giving no idea of what it actually is. To a high scientific standard 
pretends the definition telling us that “on the macroscopic scale the temperature is the unique 
physical property that determines the direction of heat flow between two objects placed in 
thermal contact” being in fact an explanation obscurum per obscurius which transforms the 
temperature problem to the problem of flow of something even more uncertain. In order not to 
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fall, however, into an unfertile and non-constructive criticism we stop now with examples the 
purpose of which was only to illustrate the state of affairs and turn our attention to the other 
aspects of the problem. 

Of course, there is no doubt that the temperature is a central concept of thermal 
physics and therefore a lot of researchers feeling the lack of a good definition were trying, in 
different ways, to bring the temperature concept on the safer grounds. For example, the 
authors preferring the axiomatic approach are, as a rule, inclined to assume that the 
temperature is a primitive concept which need not be, in principle, derived from other 
presumable more primitive ideas. Unfortunately, the experimental determination of 
temperature in any particular case requires performing a lot of non-trivial operations which 
should be substantiated by its definition. Thus such a shift from the operative physical 
definition to the metaphysical one, very comfortable for theoreticians, makes an inexplicable 
obscure ritual any actual temperature measurement performed by experimentalists. 

For researchers who consider the thermal physics being nothing but an outgrowth of 
statistical mechanics, the equilibrium temperature of a system can be (up to an arbitrary 
factor) defined as an inverse of the derivative of natural logarithm of the statistical weight of 
its actual macroscopic state with respect to the energy of the system. Nevertheless, practically 
no actual measurement of temperature is directly linked with the evaluation of statistical data 
related to a certain ensemble of particles and excitations but it is as a rule performed by means 
of various forms of thermometers converting the temperature to another measurable physical 
quantity. It is thus evident that prior to the identification of the temperature defined in the 
frame of statistical theory with the phenomenological temperature, the latter has to be 
satisfactorily defined first. 

The purpose of this contribution is thus to re-examine a fundamental concept of 
thermal physics, temperature, partly from the historical and partly from a logical point of 
view. In order to avoid very general abstract considerations the exposition is confined 
practically only to fluids, i.e. mechanical systems for which are the constitutive relations 
simple and well known. The mathematical structure of the precursor of temperature, hotness 
manifold, is, as far as we know, for the first time discussed in terms of elementary set theory. 
In the exposition of the subject the emphasis is put on experiment and on the generalization of 
empiric data while mathematical proofs of some statements has reader confer with special 
references already given. 

 
2.2. Phenomenological conjugate variables 

 
The very task of any mathematical theory of material systems is to establish general 

rules for the further treatment of empirical constitutive relations describing the state of a body 
in terms of suitably chosen parameters. We do not mean here the parameters specific for the 
description of thermal effects but just the parameters already introduced in other branches of 
physics and generally known as the phenomenological variables [5]. The existence of such 
variables, playing the roles of macroscopic conditions which are compatible with a huge 
number of parameters describing each microscopic component of the body, is clearly a matter 
of experience. Usually, there is an appreciable number of various phenomenological variables 
determining the state of the body but fixing a chosen one by external means, this number can 
ever be diminished by one. Continuing such a procedure the number of significant 
phenomenological variables can be finally reduced to two. It is a fact worth to noticing that 
the two-parameter system is the simplest model of a real system because it enables one to 
construct a meaningful constitutive relation and, simultaneously, it is apt for straightforward 
generalization, e.g. by adding another pair of independent variables. In order to ensure easy 
perceptibility of mathematical description of two-parameter systems a special form of 
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phenomenological variables was found to be desirable. It is a well known fact that the terms 
entering the energy balance equations in mechanics and electrodynamics have a canonical 
form which may be characterized by means of the following dimensional relation 

 
 [Energy] = [X] × [Y ], (1) 

 
where square brackets mean the physical dimension of the quantities enclosed. As the energy 
is an extensive quantity, it is favourable for first phenomenological variable to choose also an 
extensive quantity, say X. In such a case, however, the second parameter has to be inevitably 
an intensive quantity, Y [6]. Such a couple of quantities obeying relation (1) is then called a 
couple of conjugate variables. (For example, the list of the most frequently used conjugate 
parameters is given in Table 1.) The existence of the intensive and extensive “aspects” of heat 
which was already recognized by J. Black [4] is thus in this context the discovery of primary 
importance for the formalization of theory of heat and its compatibility with other branches of 
physics. His “intensity of heat” and “matter of heat” can be, namely, quite naturally assigned 
to a certain couple of conjugate variables, which may be tentatively called „temperature „ and 
„heat“. Formal compatibility of these two quantities with the system of quantities already 
introduced in other branches of physics is thus only a matter of proper choice of suitable 
operative definitions and units. 
 

Table 1. Selected conjugate variables 
 

Extensive     Intensive    Energy  
quantity  X  quantity Y  term  E 

 
Volume   V  pressure p  pV 
Momentum  G  velocity v  vG 
Charge   Q  el. potential φ  φQ 
Mass   M  grav. pot. γ  γM 

 
 
2.3. Diathermic partition, thermal equilibrium 

 
The idea to treat real system in terms of conjugate variables enable one to introduce 

some fundamental concepts of thermal physics in a quite systematic way and, somewhat 
astonishingly, without a priori reference to the thermal phenomena per se, particularly to the 
quantities of temperature and heat [7]. The important role plays here the so called correlation 
test. It is the procedure frequently used in the practical thermometry which enables one to 
check whether the thermometer is in proper thermal contact with the measured body. 
Simultaneously, it provides the basis for the following operational definition of diathermic 
and adiabatic partitions (walls), viz: Let us have two systems characterized by couples of 
conjugate variables (X,Y) and (X‘,Y‘), respectively, and separated by a macroscopically firm 
material partition (wall) defining their common boundary. Such a partition is called 
diathermic if the changes of the variables (X,Y) induce the changes of the variables (X‘, Y‘) 
and vice versa (“diathermic“ originates from Greek διά = through, θερμóς = warm). A 
concept complementary to that of diathermic partition is the adiabatic partition (from Greek 
α- = negation, διά = through, βαίνειν = to go) which prevents the thermal contact of 
neighbouring bodies, i.e. ensures their thermal insulation. Obviously this concept is a limiting 
one, depending to an appreciable extent on the accuracy of the correlation test. The adiabatic 
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partition is, namely, any diathermic partition for which the experimental proof of its ability to 
realize the thermal contact by the said test failed.  

Using then the language of two-parameter description, the general definition of the 
equilibrium state as known from other branches of physics can be extrapolated also to the 
region of thermal phenomena. Let us recall first what the equilibrium state means e.g. in 
mechanics. Standard formulation for the two-parameter system reads: Any state of a body in 
which the conjugate coordinates X and Y remain constant so long as the external conditions 
are unchanged is called equilibrium state. Combining then this definition with that of the 
diathermic partition we can immediately define the concept of thermal equilibrium, which 
already belongs to the scope of thermal physics, namely: 

If two bodies being in diathermic contact are both in equilibrium state, they are in 
thermal equilibrium. 
 
2.4. Thermoscope 
 

The first devices known as thermoscopes have appeared during the later Renaissance 
in connection with the first edition of Latin translation of Hero’s “Pneumatica” by F. 
Commandino Urbinate (1575) [8]. The influence of this book dealing with various 
unexplained natural phenomena and curious contrivances worked by air, water or steam was 

so general that it is almost impossible to tell, whether a 
particular device was directly derived from Hero’s 
descriptions or whether it is an original invention. 
Therefore, one can find in the literature a long series of 
“inventors of thermometer”, e.g. Cardano, Galileo, 
Sanctorius, Besson, de la Porta, Drebbel, Fludd, 
Leurechon, Ens, Harsdoerfer, Kirchner etc. [9] , but to 
decide about the priority of any one of them is a very 
difficult task. Quite early it was recognized that these 
devices, having various forms of fluid or air dilatometers, 
enable the objectification of the subjective feelings of hot 
and cold. Almost simultaneously appeared an idea that 
the thermal states of bodies, which are in common terms 
described by means of ordered series of terms cold, cool, 
tepid, warm, hot, could be characterized by the ordered 
series of thermoscope readings as well. The substitution 
of thermoscope for human sensations in experiments 
leads finally to the conviction that the thermal state of 
bodies or of environment can be characterized by 
thermoscope readings incomparably better than by means 
of sensation in itself.   

Fig. 1. A typical early thermoscope 
provided with an arbitrary scale. 
Glass tube and bottom vessel were 
filled with wine, bulb thus 
contained a mixture of air with 
water and alcohol vapours. 
(According to [10].) 

The thermoscope was thus promoted to the device 
apt to indicate with “absolute exactness” the thermal 
state of vicinal bodies. Such a (of course, very 
optimistic!) belief reflects also famous Fludd’s quotation 
[10] “Weather-glass (i.e. thermoscope) became a mighty 
weapon in the Herculean fight between Truth and 
Falsehood” (see Fig. 1).  
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2.5. Thermoscopic states 
 
In order to continue this story in a more contemporary and systematic way we will call 

thermoscope any two-parameter system in which one of the conjugate parameters, say Y, can 
be fixed, Y = Y0. It is further assumed that thermoscope can be brought into a diathermic 
contact with other bodies and that it is sufficiently “small” in comparison with these bodies in 
order to not appreciably disturb their thermal equilibrium. The second conjugate real 
parameter X, which is called in this connection thermoscopic variable, is generally of quite a 
diverse physical nature and dimension. It may be length, volume, resistance, voltage, 
frequency and many others. In order to distinguish formally among various thermoscopic 
variables, differently constructed thermoscopes and physical conditions under which they 
operate, a small Latin index is used. Applying this convention, reading Xk(P) of the k-th 
thermoscope which is in diathermic contact with a body under investigation defines the 
thermoscopic state P of the body. The corresponding set of the thermoscopic states which can 
be observed in this way is then marked as Hk. Notice that the readings Xk are related to the 
thermoscope while the indicated thermoscopic state as e.g. P ∈ Hk, already relates to the 
body. It is a matter of fact that the phenomenological parameters were introduced into 
classical mechanics and electrodynamics as continuous quantities covering certain closed 
intervals of real axis. Therefore, according to our definitions, such a property is transferred 
also to the thermoscopic variables Xk. We will thus assume that the numerical values of 
quantity Xk also continuously cover a certain closed interval Ik, operation range of the k-th 
thermoscope, which is a proper part of the set of real numbers, E1. In usual symbols we can 
thus write1: 
 
 Xk ∈ Ik ⊂ E1.     (2) 
 
If it is further for every couple P, Q ∈ Hk,  

 
 P ≠ Q ,  ⇔   Xk(P) ≠ Xk(Q),  (3) 

 
the set Hk can be ordered in accordance with the intrinsic order already existing in real 
interval Ik ⊂ E1. Simultaneously, condition (3) ensures the existence of one-to-one mapping 
between the sets Ik and Hk and we can thus define order ( p, f) in Hk by the following 
equivalences: 
 
 P p Q   ⇔   Xk(P) < Xk(Q)  
 P f Q   ⇔   Xk(P) > Xk(Q) (4a-c) 
 P = Q   ⇔   Xk(P) = Xk(Q)  
 
Moreover, we have a liberty of choosing the “arrow” indicating the order because the symbols 
<, > on the right side of relations (4a,b) can be changed, according to our need, into >, <. 

It is apparent that conditions (4a-c) provide basis for the construction of a primitive 
temperature scale. Indeed, unambiguous assignment of a certain value Xk(P) to every state P 
∈ Hk is nothing but realisation of a local empirical temperature scale in terms of 
thermoscopic variable Xk. It is, however, an important fact belonging rather to the scope of 
epistemology, that although the empirical scales enable one to characterize the thermal states 

                                                 
1 We do not distinguish here the physical quantity and its corresponding numerical value. See also [6]. 
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of bodies, for the revealing of the very nature of physical quantity called temperature are 
almost useless and further development of more involved concepts is thus necessary. 

There is another requirement ensuring the objectivity of the above conception. It is so 
called Principle of indifference according to which different thermoscopes k, j operating in 
the common range of thermoscopic states should distinguish any two different states P ≠ Q, 

P, Q∈(Hk∩Hj), regardless of 
their construction, thermometric 
substances, variables X and 
other physical conditions used. 
A procedure worked out by 
Dulong and Petit [11] is used in 
practical thermometry for the 
comparison of different 
empirical temperature scales. So 
called Dulong-Petit plot is a 
locus of readings Xk of one 
thermoscope versus readings Xj 
of another thermoscope both 
being in thermal contact with 
the same body (thermal bath). 
Evidently, in terms of such a 
plot the Principle of indifference 
may be formulated simply as 
follows: Two empirical 
temperature scales agree with 
the Principle of indifference just 
if their Dulong-Petit plot is 

monotonic. Interestingly, very similar method was used much earlier by savants of Accademia 
del Cimento who discovered in this way, just above the freezing point of water its anomaly 
(i.e. non-monotonic Dulong-Petit plot with respect to the other at that time known 
thermoscopes, see Fig. 2) [12], which excludes the water from being in this range a suitable 
thermometric substance.  

 
Fig. 2. Dulong-Petit plot of an alcohol-filled thermometer 
(Gradus thermometris) vs. readings on dilatometer (Gradus 
vasis) filled with fresh water showing the so called water 
anomaly. Data were obtained by Accademia del Cimento 
about 1660. [2,12] 

 
2.6. The use of fixed points for calibration of thermoscopes 
 

An appreciable irreproducibility of early thermoscopes was a serious obstacle for 
development of non-peripatetic thermal physics. There were attempts to improve the situation 
by making exact copies of a standard instrument and by sending them to the various 
laboratories where they were intended to serve as secondary standards [12]. This, theoretically 
correct approach had nevertheless lot of practical limitations. It required a really high 
reproducibility of glass-blowing and preparation of glass and thermometric substances. 
Consequently, standard “thermometers” were very expensive and the transport of such 
delicate instruments over the long distances was quite risky. Therefore an important 
qualitative step toward the scientific thermometry was done when the so called fixed 
thermometric points were discovered and became in general use. The fixed point is called a 
body prepared by a definite prescription revealing by some observable qualitative property its 
physical state (e.g. boiling point of helium, melting point of water, melting point of platinum 
– all at normal atmospheric pressure) and which being in thermal equilibrium with other 
bodies defines unambiguously their thermoscopic state. Fixed points thus may serve as a 
mean for realization of fiducial points on empirical temperature scales corresponding to the 
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thermoscopes of different construction and 
different physical nature of thermoscopic variable. 
Probably the first who recognized the existence of 
a fixed point was Santorius, professor of medicine 
in Venetia (see Fig. 3). Studying by means of a 
simple thermoscope the “temperatura” of many 
patients he recognized that the reading of 
thermoscope was practically the same in all cases 
where the patient was healthy.  

 
 

Fig 3. Thermoscope invented by 
Professor Sanctorius, serving for 
determination of “temperatura” of 
human body, about 1612. Instrument was 
made of glass and filled with wine. The 
bulb having diameter of golf ball was 
during the measurement inserted into 
patient’s mouth. 

 
 

Fig. 4. Dilatometer designed by R. Hooke 
for realization of standard temperature 
scale based on single fixed point [13]. 

Very soon a lot of other fixed points, 
sometimes quite curious, were discovered and 
introduced into the practical thermometry. At this 
place it is interesting to mention that very likely the 
first savant who suggested the use the freezing and 
boiling points of water as fiducial points of 
temperature scale was Ch. Huygens. In his letter 
from January 2, 1665 addressed to the first 
president of Royal Society of London, R. Moray, 
he wrote: “Je vous remercie du thermomètre...Il 
seriot bon de songer à une mesure universelle et 
determinée du froid et du chaud,... et puis prenant 
pour commencement le degré de froid par le quel 
l’eau commence à geler, ou bien le degré de chaud 
de l’eau bouillante, a fin que sans envoier de 
thermomètres l‘on peut se communiquer les degrez 
du chaud et du froid, qu’on auriot trouvé dans les 
experiences, et les consigner a la posterité.” From 
the last sentence of this quotation it is quite 
apparent that the aim of his suggestion was to 
substitute the unpractical sending of the 
thermometers for comparison of their scales by 
much more versatile calibration method. 

Historically, there are essentially two 
methods used for the graduation (calibration) of 
thermoscopes by means of fixed points. These 
methods exploit either single or at least two fixed 
points. The first one is likely due to R. Hooke [13]. 
His specially designed dilatometer consisted of a 
cylindrical vessel with the cylindrical tube 
projecting out of its top (see Fig. 4). The tube had 
an inner diameter equal to one-tenth of the large 
vessel and was marked in intervals equal to one-
tenth of its depth. One division („degree“) on the 
tube thus represented an expansion (contraction) of 
one-thousands above (below) the volume of the 
fluid at a chosen fixed point, e.g. freezing point of 
water, giving thus an objective (i.e. reproducible in 
different places and times) measure of thermal 
state. Belief in the universality of this method is 
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based on a tacit assumption that a dilatometer and thermometric substance used can reveal all 
in the nature accessible thermal states. 

The first significant attempt at application of two-point calibration of thermometers 
belongs to members of Accademia del Cimento (1657-1667) [14]. They divided into three 
hundred degrees the interval between two marks indicating somewhat vague “fixed points”, 
namely, the greatest summer heat and the most severe winter cold. Two-point calibration 

technique but based on more reliable fixed points, 
melting point of ice and boiling point of water 
(incidentally the fiducial points which were proposed 
much earlier by Huygens!) were used also by C. 
Rinaldini (1693) for realization a his 12-degree 
thermometric scale. This well-done temperature scale 
was never in general use, however, a half century later, 
in hands of Celsius [15], became essentially the same 
scale the basis of our centigrade thermometric system. 
On the problem of graduation of thermometers worked 
independently Danish astronomer O. Rømer, and 
especially his immediate follower, German instrument 
maker G. D. Fahrenheit, who had used large deal of 
Rømer’s know-how [16]. Accordingly, Fahrenheit 
accepted as a lower fixed point mixture of salt and ice 
(0°F) and normal body temperature (96°F) as the upper 
one. The freezing point of water (32°F) was retained as a 
subsidiary calibration point [17]. Enormous care was 
devoted to the purification of thermometric substance, 
mercury, improvements of glass-blowing procedure and 
exact specification of conditions for realization of fixed 
points. As a result, Fahrenheit’s thermometers were 
much admired throughout the scientific community for 
their accuracy and extraordinary reproducibility and 
became thus for a long time a thermometric standard. In 
1742 Swedish astronomer A. Celsius created a two-fixed 
point’s temperature scale whereby zero represented the 
boiling point of water and one hundred represented the 
freezing point of water (see Fig. 5). In his lectures 
announced the observations showing that melting point 
of ice was effectively unaffected by pressure. He also 
determined with remarkable precision how boiling point 
of water varied as a function of atmospheric pressure and 
proposed that zero on his temperature scale (= boiling 
point of water) would be calibrated at the mean 
barometric pressure at mean sea level (standard 

atmosphere). As his scale was intended for meteorological observations where the 
temperatures are always below the temperature of boiling point of water, the scale was, in 
order to avoid the changes of the sign, reverted in comparison with the contemporary 
centigrade scale. Two years later, however, the famous Swedish botanist C. Linnaeus changed 
the Celsius’s scale in order to be more convenient for the use in his greenhouse, constructing 
the thermometric scale where zero represented the melting point of ice and 100 represented 
boiling point of water. As the “centigrade” system was compatible with the philosophy of 

Fig. 5. An example of graduation 
of a thermometer by means of two-
fixed point’s method. Figure 
depicts a thermometer provided 
with the original “reverted” 
centigrade scale (Celsius, 1742). It 
is also shown the uncertainty of 
boiling point of water (=zero) 
which is due to fluctuations of 
barometric pressure [15].
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metric centesimal system the Celsius’s scale became later to the scale almost exclusively used 
on the Continent [15]. 

 
2.7. Mach’s postulates 

 
Importance of fixed points for thermometry is, however, not confined only to the 

calibration of thermoscopes but as was recognized not before the end of 19th century their 
theoretical significance is much more general. Quite interestingly, it has been originally taken 
for a self-evident empirical fact that it is always possible to find in an operation range of any 
thermoscope a sufficient number of fixed points enabling calibration of a local empirical 
scale, sewing it up with other overlapping empirical scales and to check, by means of the 
Dulong-Petit plots, the validity of Principle of indifference. The choice of fixed points for 
such purposes was quite pragmatic, respecting especially their easy realization, suitable 
distribution and stability (see e.g. Table 2). The very fact that such a liberty of choice can only 
be a consequence of the existence of enormous (if not infinite) number of fixed points falling 
into any interval of thermoscopic states remained for a long time quite unnoticed. Similar fate, 
i.e., being effectively undiscovered, has also the fact that the fixed points can be always found 
out of any interval of thermoscopic states.  

 
Table 2. Selection of fixed points of the ITS-90 

 
Substance          State    T90/K 

 
Cd  S    0.5190 
Zn   S    0.8510 
Al   S    1.1796 
In   S    3.4145 
Pb   S    7.1996 
e-H  T  13.8033 
Ne  T  24.5561 
O2   T  54.3584 
Ar   T  83.8058 
Hg  T           234.3156 
H2O  T           273.1600 
Ga  M           302.9146 
In   F           429.7485 
Sn   F           505.0780 
Zn   F           692.6770 
Al   F           933.4730 
Ag  F         1234.9300 
Au  F         1337.3300 
Cu  F         1357.7700 

 
S – superconductivity transition 
T – triple point 
M – melting point  
F – freezing point 
(both at a pressure of 101325 Pa) 
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These and other experimentally observed properties of fixed points have been 
generalized by means of method of incomplete induction, the reasoning according to which 
the conclusion related even to the infinite number of cases is drawn from the knowledge of a 
finite number of cases provided that they, without exception, imply the same conclusion. Such 
a type of generalization of experience resulting into certain verities or postulates is quite 
analogous to that made e.g. prior the axiomatic construction of Euclidean geometry.  

First of all, as every fixed point defines unambiguously a certain thermoscopic state 
and because the set of thermoscopic states Hk is ordered by means of relation (p, f), it can be 
assumed that the set of fixed points (F = ∪Fk, where Fk are related to Hk) can be also ordered 
just according to this relation. Giving to such an idea a physical meaning, we can say that 
calibration of empirical scales by means of fixed points is nothing but an ordering of fixed 
points. We can thus postulate: 
1) The set of fixed points F is ordered by means of relation (p, f). 

The generalizations of experience with experimental establishment of new fixed points 
and of making their inventory list lead then to the following three postulates:  
2) To every fixed point P∈F exists at least one fixed point Q such that Q f P. 
3) To every fixed point R ∈F exists at least one fixed point S such that S p R. 
4) For every couple of fixed points P p R there exists at least one interlaying point Q such 
that the relations P p Q and Q p R are simultaneously valid.  

There is another remarkable empirical property of the set of thermoscopic states 
closely related to that of fixed points which can be generalized as follows (see Fig. 6).  
5) If a body changes its thermoscopic state from the state corresponding to a fixed point A to 

the point represented by a fixed point E, it must 
inevitably pass all the interlaying states 
corresponding to say fixed points B, C and D. The 
alternative path e.g. through the points M and N 
disjunctive with the path involving the points B, C 
and D is excluded. As these propositions received 
their first explicit formulation in the hands of E. 
Mach [11], we suggest calling them tacitly Mach’s 
postulates. The formulation of these postulates 
enabled Mach to introduce intuitively the concept 
of hotness manifold (Mannigfaltigkeit der 
Wärmezustände) which is the ultimate 
experimentally accessible concept representing the 
thermal states of bodies. 

 
 

Fig.6. Illustration to 5th Mach’s 
postulate. If there is a thermal process 
connecting thermoscopic states A and E 
via states B, C, D, the alternative path 
AMNE is then excluded [11]. 

 
2.8. Mathematical structure of hotness manifold 
 

It is a matter of historical fact that formulation of Mach’ postulates (1896) and 
establishment of Cantor’s set theory (1895) were practically contemporaneous events. That is 
probably why the mathematical structure of hotness manifold has not been fully appreciated 
and, as far as we know, has never been systematically analyzed from the point of view of the 
set theory. In terms of this theory (e.g. [18]) Mach’s postulates may be interpreted in the 
following way. Taking first into account the fact that the realizations of fixed points are real 
bodies, their number must be either finite or equivalent to the set of natural numbers, i.e. F 
must be countable. In the 4th Mach’s postulate one can easily recognize the definition of dense 
sets belonging to Cantor’s theory; from this we can immediately conclude that F is also dense. 
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Postulates 2 and 3 then mean that the set F has no upper or lower bound. Any ordered 
countable dense set is, however, called rational series or set of rational numbers. We can thus 
summarize, the set of fixed points F is equivalent to an unbounded set of rational numbers. 

The mathematical structure of hotness manifold H, which is a union of all sets of 
thermoscopic states Hk, H = ∪ Hk, is not as simple as the structure of F. It is necessary first to 
make clear the operational method (i.e. a method related to the experimental procedures 
which can be really performed) enabling sewing-up the overlapping sets of thermal states and 
matching of corresponding empirical temperature scales. Let us assume that two sets of 
thermal states, Hk, Hk+1, overlap, i.e. that Hk ∩ Hk+1 ≠ ∅. In order to realize this fact in 
experiment one has to find a fixed point R∈F belonging to both these sets, i.e. R∈ Hk, R∈ 
Hk+1. Theoretically the possibility of such an operation is ensured by 4th Mach’s postulate. For 
the sake of definiteness and without loss of generality we can further construct the subsets 
H′

k⊂ Hk, and H′
k+1⊂ Hk+1 in such a way that Q p R for every Q∈ H′

k and P f R for every P∈ 
H′

k+1. Evidently, the empirical temperature scale for thermal states from Hk ∪ Hk+1 = H′
k ∪ 

H′
k+1 corresponds below R to empirical scale in Hk and above R to that in Hk+1. Moreover, in 

order to assign the same value of empirical temperature to the common point R, it is necessary 
to make formal changes at least in one of empirical scales. Applying the procedure just 
described and simultaneously looking for new fixed points and for new physical effects 
enabling the construction of new kinds of thermoscopes, we can build a chain of Hk’s more 
and more extending the region of accessible thermal states. We are obliged to Professor Mach 
for belief that such a procedure is limited only by our skills2. Taking now into account the fact 
that every Hk  is equivalent to a real interval Ik ⊂ E1 it is obvious that Hk is a continuous set. 
Furthermore, fixed points, e.g. such as R, are then nothing but rational cuts in sets Hk and 
Hk+1 [Hu]. Analyzing these circumstances we can conclude that the properties of the hotness 
manifold H = ∪ Hk discussed above can be put in the form of two axioms already well-known 
from the set theory, namely  
 
Dedekind’s axiom: If H1 and H2 are any two non-empty parts of H, such that every element of 
H belongs either to H1 or to H2 and every element of H1 precedes every element of H2, then 
there is at least one element R ∈H such that: 
i) any element that precedes R belongs to H1, 
ii) any element that follows R belongs to H2.  
 
Axiom of linearity: The hotness manifold H contains countable subset F⊂ H in such a way 
that between any two points P p Q ∈ H there is a point R∈ F such as P p R and Q f R. 
 

As the second axiom ensures that the requirements of 5th Mach’s postulate are 
automatically satisfied, the couple of Dedekind’s axiom and axiom of linearity may be 
regarded as a concise reformulation of Mach’s postulates. The simultaneous validity of both 
these axioms, however, defines in set theory the class of sets which are equivalent to the set of 

                                                 
2 Speaking in terms of temperature, the temperatures observed range from ~10−10 K (Low Temperature 
Lab, Helsinki University of Technology) up to ~109 K (supernova explosion) without any traces that 
the ultimate limits were actually reached. Speculative upper limit provides only the so called Planck 
temperature TP = √(hc/G) × (c2/k) ≈ 1.417×1032 K, hypothetically corresponding to the first instant of 
Big Bang and depending on the assumption that the constants involved are really universal. Therefore 
the conjecture referred to as Mach’s postulates 2 and 3, i.e. that the hotness manifold has no upper or 
lower bound, is obviously operating at least for all phenomena already known. 
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real numbers E1. The mathematical structure of hotness manifold may thus be summarized as 
follows:  

 
Hotness manifold (a set of all accessible thermoscopic states) H is a set topologically 
equivalent to the set of all real numbers (real axis) E1. It contains a countable, dense and 
unbounded subset of all fixed points F ⊂ H, realizing the skeleton of H. 

 
As we have seen above, the construction of this manifold is based on well-defined 

operational methods specifying conditions and procedures necessary for determination or 
reestablishment of a particular thermoscopic state. Manifold H is just the experimentally 
accessible entity enabling one to judge how hot or cold the bodies are3. Therefore, it is this 
entity which is right to be regarded as an entity objectively existing in the Nature and 
representing the universal Platonic idea behind the usual concept of temperature, in 
philosophical jargon, the “temperature an sich”. Of course, as the set H has no intrinsic metric 
properties it yields directly no physical quantity. Introduction of corresponding physical 
quantity, tacitly called temperature, thus requires special definitions which obviously have to 
take into account all the properties of hotness manifold.  
 
2.9. Definition of temperature 
 

As has been shown in previous paragraphs, the temperature and even the hotness 
manifold cannot be taken for primary concepts of thermal physics but are in fact the subjects 
of somewhat convoluted constructions. In the hierarchy of conceptual basis of thermal 
physics, however, the concept of temperature plays the role subordinate to that of hotness 
manifold H, which is characterized just only by its topological properties. On the other hand it 
is quite clear that hotness manifold alone is not sufficient for the development of quantitative 
theory of thermal effects. For such a purpose, namely, a regular physical quantity [6] is 
necessary. The introduction of such a quantity called temperature into the thermal physics, 
which would simultaneously preserve all essentials of hotness manifold, may be based on the 
following definition: 

 
Temperature is any continuous one-to-one order-preserving mapping of hotness 

manifold on a simply connected open subset of real numbers. 
 
From this definition it is evident that we are at enormous liberty of choosing a 

particular temperature scale which thus rests entirely upon a convention. It is further quite 
clear that the rationality or irrationality of the choice of the temperature scale (i.e. of the said 
continuous one-to-one order-preserving mapping) will be decisive for further performance 
and intelligibility of theory of thermal effects. Obviously, in order to be able to continue with 
the development of the theory we have to make a decision concerning the temperature scale 
being simultaneously aware that such a decision has a character of provisional working 
hypothesis which may have in the future unexpected consequences. Traditionally the safest 
guide for introduction of new concepts into the science is the so called anthropomorphic 
principle. This principle taking into regard previous experience, commonly accepted patterns 
of thinking, human feeling of reality and other practical or cultural aspects usually generates 
                                                 
3 Interestingly enough, admitting the scheme above we are in fact transferring the mathematical 
structure of continuous quantities Xk introduced in other branches of physics into the thermal physics; 
e.g. without such a step the hotness manifold would not be continuous. Shortly in Hilbert’s 
terminology, just through this gate enter thermal quantities to Cantor’s Paradise governed by actual 
infinity and continuum [19]. 
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intelligible, almost self-evident theories, which can be further developed and easily applied. 
On the other hand, a theory not respecting the anthropomorphic principle is, as a rule, very 
abstract, incomprehensible, and full of antinomies and with vague relation to reality. Its 
further development requires enormous effort and makes it thus an esoteric doctrine 
accessible only for limited audience.  

As an example of successful application of anthropomorphic principle in thermal 
physics, may serve just the choice of universal thermometric scale. On the more-or-less 
historical and practical grounds, in other words, on the basis of arbitrary anthropomorphic 
criteria, a special mapping of the hotness manifold on the set of positive real numbers known 
as the International Kelvin Temperature Scale (T) was established. There are two alternative 
ways how to approach this scale, both based on a certain idealization procedure. The first one 
uses an idealization of a real substance (perfect gas), while the second one results from the 
idealization of a real physical process (Carnot’s reversible cycle).  

 
2.10. Ideal (perfect) gas temperature scale 

 
The first approach mentioned above is based on the idealization of the most salient 

common features of constitutive relations of real gases. The behavior of majority of real gases 
is, namely, almost the same in cases where the 
gases have sufficiently low density. This fact was 
used for the definition of the perfect gas and later 
for the construction of the ideal (perfect) gas 
temperature scale T. The equation controlling the 
behavior of the ideal gas, which is a hypothetical 
substance or concept rather than a real thing, reads: 

 
                              T = pV /nR, (5) 

 
 where p and V are respectively the pressure and 
the volume of the ideal gas which may both 
alternatively play the role of thermoscopic 
variables. As the hypothetical thermoscope a 
conventional gas thermometer [21] filled with n 
moles, n > 0, of ideal gas is considered (see Fig. 7). 
The constant R on the right side of equation (5), 
has then a form of product R = k N where k and N 
are Boltzmann’s and Avogadro’s constants, 
respectively (in SI system of units k = 1.38×10−23 
J/K, N = 6.02×1023 mol−1). Formula (5) defining 
the temperature T by means of constitutive 
properties of non-existing substance, perfect gas, 
reveals remarkable symmetry with respect to 
quantities p and V. We can thus exploit anyone of 

these two quantities as a thermoscopic variable keeping the other constant. Comparing these 
two cases it must be inevitably:  

 
 

Fig. 7. A schematic view of a simple 
constant volume gas thermometer which 
simultaneously represents an operational 
device for realization of ideal gas 
temperature scale [21]. 

 
 Tp = TV = T  (6) 

 
where Tp and TV  are temperatures of a body (e.g. corresponding to temperature of a certain 
fixed point) determined by means of constant pressure and constant volume method, 
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respectively. The exact realization of condition (6) in experiments with real gases and with 
prescribed high accuracy (typically of order of 0.1%) is very difficult if not impossible. 
However, Berthelot [22] devised a simple mathematical method based on plausible 
assumptions which enables to extrapolate experimental data obtained on real gases at finite 
pressures to the case corresponding to the ideal gas and finally determine also the value of T 
satisfying conditions (6). From these facts it is thus apparent that the ideal gas temperature 
scale can be experimentally realized in the range where the gaseous phase of real gases exists. 
  
2.11. Absolute temperature 
 

The ideal gas temperature scale T defined by means of equation (5) has some other 
remarkable properties. For example, as both quantities p and V have a natural lower bound 
equal to zero, the temperature T has also this lower bound. In this connection it is interesting 
to mention considerations of French savant G. Amontons (1703) [23,24] who made extensive 
experiments with constant volume gas thermometer filled with dry air. By means of 
extrapolation of a regular “centigrade” temperature scale, constructed between boiling and 
freezing points of water, down to the zero pressure he obtained a value of −240°C 
(contemporary measurements would provide the value near −273°C). As for him it was 
absolutely inconceivable that the temperature of any body in the Universe could decrease 
below the point in which the activity of such a “vivacious” substance as the air disappears, he 
started to call this hypothetical temperature l’extrêm froid. Interestingly, quite independently 
but on the basis of similar experiments, introduced absolute zero of temperature (zéro absolu 
de la chaleur) also Clément and Désormes [25]. Nevertheless, not diminishing huge merits of 
these distinguished men of science, their considerations were not correct in principle. Indeed, 
as was already mentioned, every thermoscope enables to order the thermoscopic states only 
locally, within a certain well-defined range. The extrapolations out of this range are not 
permissible. Moreover, technical collapse of a particular type of thermoscope (e.g. due to the 
freezing of air in its bulb) cannot serve as a proof for non-existence of other types of 
thermoscopes possibly working at lower temperatures. On the other hand the definition of 
temperature gives us a sufficient freedom to introduce the scale with absolute zero not on the 
basis of some recognized “Law of Nature” but simply on the basis of our decision. Such a 
scale, namely, may have besides compatibility with equation (5) some advantages, e.g. 
numerous problems with sign can be avoided, the evaluation of integrals depending on 
temperature is simplified etc. The definition of absolute temperature4 scale then reads [20]: 

 
Any temperature scale which is chosen in such a way that their functional values have 

highest lower bound equal to zero (i.e. T is always positive), is called absolute temperature 
scale and the corresponding temperatures are called absolute temperatures.  

 
Notice that the possible value T = 0 (equal to highest lower bound) is already excluded by 

our definition of temperature, because due to the absence of the lowest hotness level in the 
hotness manifold any continuous one-to-one order-preserving transformation on the set with 
lower bound = 0, has inevitably to map its improper point (i.e. – ∞ ) just on the point 
corresponding to absolute zero. Nernst’s law of unattainability of absolute zero of temperature 
(“Third Law of Thermodynamics”) [26] is thus together with its consequences intrinsically 

                                                 
4 Notice that this definition of absolute temperature scale differs from that due to Lord Kelvin who 
related the adjective “absolute” rather to the independence of temperature scale of thermometric 
substance than to the existence of lower bound of temperature values. 
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involved in this definition of temperature and, consequently, needs no additional, sometimes 
very curious, justifications or “proofs” [27]. 
 
2.12. Carnot’s theorem  
 

Reasonably chosen temperature function which maps the hotness manifold on a subset 
of real numbers should be, as was already mentioned in paragraph 2.2., conformal with other 
terms entering the energy balance equation. In such a case will temperature (intensive 
quantity, T) and heat (extensive quantity, ς) make up a couple of conjugate variables obeying 
dimensional equation (1) i.e. 
 
 [Energy] = [T ] × [ς ].  
 

The principal possibility to write down the thermal energy term just in this form was 
confirmed by early experiments on the development of mechanical work by means of heat 
engines. In spite of the fact that these experiments were backed by a rather primitive 
technique (e.g. temperatures were measured by roughly calibrated mercury thermometers and 
heat by the weight of burned coal) being thus of doubtful accuracy, their analysis enabled S. 
Carnot to introduce some new theoretical concepts and draw out definite conclusions. In the 
present context play among new Carnot’s concepts the most important roles two idealizations 
of real thermal process taking place in the heat engine, namely, the cyclic process and 
reversible process. By cyclic process (cycle) is meant any thermal process in which initial and 
final physical state of the heat engine are the same. The reversible process is then a thermal 
process in which heat engine works without wastes of heat. For heat engines utilizing the 
cyclic reversible process (so called ideal heat engines) was Carnot able to formulate a 
theorem which in its archaic version reads5 [28] 
 

“The motive power of heat is independent of the agents set at work to realize it; its 
quantity is fixed solely by the temperatures of the bodies between which, in the final result, the 
transfer of caloric is done.” (S. Carnot, 1824) 
 

Of course, from the modern point of view is Carnot’s theorem rather a desideratum 
than piece of scientific knowledge. (Remarkable is also a somewhat inconsistent use of heat 
and caloric as synonyms!) On the other hand, it has a form of the energy balance postulate we 
are searching for. Indeed, if we, namely, transform the theorem into mathematical symbols we 
can write it in terms of finite differences [29] 

 
 ΔL = ς F’(t) Δt , (8) 
 
where ς means the quantity of heat regardless of the method of its measurement, ΔL is the 
motive power (i.e. useful work done by heat engine) and Δt is the difference between 
empirical temperatures of heater and cooler. The unknown dimensionless function F’(t) called 
Carnot’s function should be for concrete empirical scale determined by experiment. As the 
                                                 
5 It should be stressed here that there can be found in the literature a lot of various arbitrarily changed 
forms of “Carnot’s theorem” or “principle” which are not equivalent one to each other and which 
essentially differs in their very content from the original formulation. As was thus quite correctly 
pointed out by distinguished researcher into the vapour turbines and president of Royal Society, H. L. 
Callendar [29], the original oldest Carnot’s formulation of his principle is at the same time the best 
one. 
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gained work ΔL has a dimension of energy and as this energy must be for reversible cycle 
equal per definition to the thermal energy of heat ς supplied to the ideal heat engine, we can 
conclude that the terms suitable for insertion into the energy balance equation have to have a 
form of products ςΔt properly modified by Carnot’s function. 
 
2.13. Kelvin’s proposition 
 
 A revolutionary step toward the definition of temperature scale independent of 
particular type of thermometer and thermometric substance was made at 1848 by Lord Kelvin 
[30]. He proposed to treat Carnot’s theorem not as a heuristic statement deduced from 
experiments of rather a limited accuracy but as a fundamental postulate of absolute validity. 
He further pointed out that the very purpose of Carnot’s function is to modify or correct the 
difference of temperatures measured in a particular empirical temperature scale in such a way 
that it could serve as a exact proportionality factor between work, ΔL, and heat, ς. As this 
factor has to be according to Carnot’s postulate the same for all substances, Kelvin, inverting 
the logics of reasoning, suggested to define a universal (in his terminology “absolute”, see 
footnote 4) temperature scale just by prescribing a proper analytical form of Carnot’s 
function. For example, giving to Carnot’s function the simplest permissible analytical form, 
namely, F’(*T) = 1 (so called caloric gauge6) we are in fact defining a new temperature scale 
*T in terms of which equation (7) reads: 
 
 ΔL = ς (*T2 −*T1).  (9) 
 

It is immediately seen that using such a definition of temperature scale the energy 
terms have the desired form of a product of two conjugate variables ς and *T. Interestingly 
enough, equation (10) is simultaneously a fundamental relation of caloric theory of heat (cf. 
[31]). Accordingly, the heat is from phenomenological point of view a kind of substance or 
fluid, caloric (calorique, Wärmestoff, теплородъ, teplík), which being dissolved in all bodies 
is responsible for their thermal state. It is treated as an indestructible fluid (recall that the only 
method how to get rid of heat is to convey it away), which is created in every irreversible 
processes such as rubbing, chemical reactions, burning, absorption of radiation and eating 
during which “something” simultaneously disappears for ever. The properties of so defined 
quantity are thus very near to the concept of heat in a common sense [32,33]. Taking further 
into account the structure of equation (9) we can also conclude that the development of 
moving force in an ideal heat engine is not connected with some actual consumption of heat 
as is claimed in thermodynamics but rather with its transfer from hotter body to a colder one 
(water-mill analogy [28]). At the same time equation (9) defines an entropy-like unit of heat 
fully compatible with the SI system which may be, according to Callendar’s suggestion, 
appropriately called “Carnot” (Abbreviation “Ct”) [29]. 1 Ct is then that quantity of heat 
which is in a reversible process capable of producing 1 J of work per 1 K temperature fall. 

In the present context is, nevertheless, far more important another aspect of equation 
(9). Accordingly, namely, the temperature difference *T2 −*T1 between two bodies used e.g. 
as “heater” and “cooler” of an ideal heat engine, is identical with the ratio ΔL/ς where both of 

                                                 
6 Due to the later general acceptance of Joule-Mayer’s postulate claiming the equivalence of work and 
heat it was no more possible to choose freely Carnot’s function which had inevitably the form J/T 
(thermodynamics’ gauge), where J is so called mechanical equivalent of heat [31]. Fortunately, this 
fact does not influence our further considerations but rather gives an opportunity to the exercise in 
elementary algebra interpreted in textbooks as a “proof” of mechanical origin of the Kelvin 
temperature scale. 
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these quantities are measurable in principle; ΔL by means of standard methods well-known 
from mechanics and ς e.g. by amount of fuel consumed by heating the heater or, if the cooler 
is kept at 0 °C, by amount of ice melted during the cycle. It is quite obvious that such a 
technique of temperature measurement, although possible in principle, is rather a curiosum 
which would be very difficult to realize with sufficiently high accuracy in practice. The idea 
of this method is, however, of primary importance for theory. Obviously, due to Carnot’s 
postulate equation (9) has to be valid for any ideal heat engine regardless of its construction 
and working substance used. Analyzing thus one representative case of ideal heat engine 
general conclusions can be made. For example, if we imagine an ideal heat engine driven by 
perfect gas and working in cycles which consist of two isothermal and two isochoric 
reversible processes, the useful work can be easily computed, provided that the temperatures 
are measured in terms of perfect gas scale. The result of such a computation reads 

 
 ΔL = nR ln(V2/V1) (T2 − T1), (10) 

 
where V1 and V2 are limits of volume between which the engine operates. It is apparent at 
first glance that this last equation is fully congruent with equation (9) with the proviso that the 
heat (measured in entropy units, e.g. Ct) transferred from heater to cooler per cycle is given 
by ς = nR ln(V2/V1). The congruence of these equations means that the system of units can be 
always chosen in such a way that scales *T and T will be identical [6]. Expressing this fact 
more physically we can say:  
 

Measurement of temperatures by means of ideal gas thermometer is equivalent to the 
measurement of temperatures by means of ideal heat engine.  

 
The theoretical significance of this theorem is enormous because it enables one to 

relate without ambiguity the ideal gas (Kelvin) temperature scale to the temperatures defined 
by other types of ideal heat engines e.g. “gedanken” reversible cycles in systems controlled by 
electric, magnetic or electrochemical forces. Besides, it should be stressed that this theorem, 
although it is based on arbitrary assumptions, is by no means accidental. The idealization of 
constitutive relation of real gases and idealisation involved in Carnot’s postulate have the 
same anthropomorphic roots, namely, the feeling that the thermal dilatation of bodies must be 
linearly dependent on their thermal state. Incidentally, in the range between 0°C and 100°C 
are the air scale and the mercury temperature scale, prevailingly used in experiments related 
to establishment of Carnot’s theorem, almost identical.  

 
2.14. Scholion 

 
The concept of fundamental quantity of thermal physics, temperature, is defined as an 

arbitrary one-to-one order preserving continuous mapping of so-called hotness manifold on a 
certain simple connected open subset of real numbers. The hotness manifold H representing 
all in the Nature existing thermoscopic (thermal) states is the only entity accessible to direct 
physical observation. The set H, which was proved to be topologically equivalent to the set of 
all real numbers (real axis), contains a countable, dense and unbounded subset of all fixed 
points F ⊂ H. Any fixed point is realized by means of a specially prepared body which 
defines just one thermal state. The properties of set F and its relation to the manifold H are 
specified by means of Mach’s postulates. As has been finally shown, the special mapping of 
H on the set of all positive real numbers known as the International Kelvin Temperature Scale 
T was chosen on the grounds of two anthropomorphic idealizations providing a concordant 
result, namely, ideal substance, perfect gas and ideal process in heat engine, reversible cycle. 

76



Acknowledgement 
The present work was supported by Institutional Research Plan of Institute of Physics ASCR v.v.i. No 
AV0Z10100521. 
 
References 
 
[1] Giua M.: Storia della chimica. Union Tipografico, Torino (1962), Russian transl. Dzhua 

M.: Istoriya Chimii. Izdatel’stvo Mir, Moscow (1975) 
[2] Meyer-Bjerrum K.: Die Entwicklung des Temperaturbegriffs im Laufe der Zeiten. 

Vieweg und Sohn, Braunschweig (1913) 
[3] Burckhardt F.: Die Erfindung des Thermometers und seine Gestaltung im XVII 

Jahrhundert. Basel (1867) 
[4] Black J.: Lectures on the Elements of Chemistry. W. Creech, Edinburgh (1803), Germ. 

transl.: Vorlesungen über Chemie. Crell, Hamburg (1804) 
[5] Fürth R.: Algemeine Grundlagen der Physik, Prinzipien der Statistik. In: Handbuch der 

Physik Bd. IV. Springer, Berlin (1929) 
[6] Palacios J.: Dimensional Analysis. Macmillan & Co. Ltd., London (1964) 
[7] Balamuth L., Wolfe H. C., Zemansky M. W.: The Temperature Concept from the 

Macroscopic Point of View. Am. J. Phys. 9, 199 (1941) 
[8] Boas M.: Hero’s Pneumatica, A Study of its Transmission and Influence. Isis 40, 38 

(1949) 
[9] Hoppe E.: Geschichte der Physik. F. Vieweg und Sohn, a.G., Braunschweig (1926) 
[10] Fludd R.: Mosaical Philosophy. H. Moseley, London (1659) 
[11] Mach E.: Die Principien der Wärmelehre. Verlag von J. A. Barth, Leipzig (1896) 
[12] Saggi di naturali sperienze fatte nel’Accademia del Cimento, Firenze (1667) 
[13] R. Hooke R.: Micrographia. Roy. Soc. of London, Brouncker imprimatur, London 

(1665), Reprint: Dover Publications, Inc., Mineola (2003) 
[14] Boyer C. B.: Early Principles in the Calibration of Thermometers. Am. J. Phys. 10, 176 

(1942) 
[15] A. J. von Oettingen A. J.: Abhandlungen über Thermometrie von Fahrenheit, Réaumur, 

Celsius. Ostwald’s Klassiker No.57, W. Engelmann, Leipzig (1894) 
[16] Barnett M. K.: The Development of Thermometry and the Temperature Concept. Osiris 

12, 269 (1956) 
[17] Fahrenheit D. G.: Experiments and observations on the Freezing of Water in Vacuuo. 

Phil. Trans. Abridged 33, 22 (1724) 
[18] Huntington E. V.: The Continuum and Other Types of Serial Order. Harvard University 

Press, New York (1917), Reprint: Dover Phoenix Editions, New York (2003) 
[19] Hilbert D.: Über das Unendliche. Math . Ann. 95, 161 (1926) 
[20] Truesdell C., Bharatha S.: Concepts and Logic of Classical Thermodynamics as a 

Theory of Heat Engines. Springer, New York (1977) 
[21] Nieto A., Paul F.: Mesure des Températures. Éditions Radio, Paris (1958) 
[22] Wensel H. T.: Temperature and Temperature Scales. J. Appl. Phys. 11, 373 (1940) 
[23] Brush S. G.: The Kind of Motion We Call Heat. North-Holland, Amsterdam (1976) 
[24] Amontons G.: Le Thermométre. Mémoires de l’Académie Royale des Sciences 6, 64 

(1703) 

77



[25] Clément C. B., Désormes N.: Détermination expérimentale du zéro absolu de la chaleur 
et du calorique spécifique des gaz. Journal de physique 89, 321,428 (1819) 

[26] Nernst W.: The New Heat Theorem. (1926) Reprint: Dover Publications, Inc., New 
York (1969) 

[27] Boas M. L.: A Point of Logic. Am. J. Phys. 28, 675 (1960) 
[28] Carnot S.: Réflexions sur la puissance motrice du feu et sur les machines propres à 

développer cette puissance. Bachelier, Paris (1824), Germ. transl.: Ostwald’s Klassiker, 
Nr. 37, Egelmann, Leipzig (1909) 

[29] Callendar H. L.: The Caloric Theory of Heat and Carnot’s Principle. Proc. Phys. Soc. 
London 23, 153 (1911) 

[30] Thomson W. (Lord Kelvin of Largs): On the Absolute Thermometric Scale founded on 
Carnot’s Theory of the Motive Power of Heat. Phil. Mag. 33, 313 (1848) 

[31] Mareš J. J., Hubík P., Šesták J., Špička V., Krištofik J., Stávek J.: Phenomenological 
approach to the caloric theory of heat. Thermochimica Acta 474, 16 (2008) 

[32] Job G.:Neudarstellung der Wärmelehre – Die Entropie als Wärme. Akad. Verlagsges., 
Frankfurt am Main (1972) 

[33] Falk G., Herrmann F., Schmid G. B.: Energy Forms or Energy Carriers? Am. J. Phys. 
51, 1074 (1983) 

78



Caucasus, (Užbinské plateau - 4100 m), Russia 

Chapter 3 

Abstract thermodynamics 
 79



3.  FROM CARNOT TO NONEQUILIBRIUM AND ABSTRACT 
THERMODYNAMICS AND SOME CONSEQUENCES FOR   

THERMAL ANALYSIS 
 

Miroslav Holeček 

 

3. 1.  A lucky discovery of the second law of thermodynamics 
 As well known, the fundamental work of Sadi Carnot, Réflexions sur la puissance 
motrice du feu [1], initiated the birth of an essentially new physical discipline – the 
thermodynamics. Though Carnot’s insight was fundamental his contribution to principles of 
physics is very often misunderstood and incorrectly interpreted. The crucial discovery of Sadi 
Carnot does not concern an explanation of the way in which heat is transformed onto work. 
His ideas concerning heat are even false – he supposes that heat goes through the working 
medium unchanged during the cycle. To be concrete, Carnot supposes that the medium 
borrows heat from a body A – the furnace – and the same quantity of heat is transmitted into a 
body B – the refrigerator. Precisely speaking, Carnot uses the term `caloric’ (calorique) 
instead of heat in this statement. Nevertheless, the word `heat’ (chaleur) is also used, for 
example the crucial consideration about exchange of caloric between body A and B begins as 
follows [1] (p. 10). 

If we wish to produce motive power by carrying a certain quantity of heat from the body A to 
the body B we shall proceed as follows:  (1)To borrow caloric from the body A to make steam 
with it-that is, to make this body fulfill the function of a furnace, or rather of the metal 
composing the boiler in ordinary engines-we here assume that the steam is produced at the 
same temperature as the body A.  

 The use of two different terms might tempt us into the interpretation that `caloric’ 
could be something akin to the entropy in the current terminology  (see e.g. [2], p. 32) – then 
Carnot’s considerations would be true. Nevertheless, the only passage when Carnot explicitly 
speaks about this question is the note at page 20 where the world `heat’ is used: 

We tacitly assume in our demonstration, that when a body has experienced any changes, and 
when after a certain number of transformations it returns to precisely its original state, that 
is, to that state considered in respect to density, to temperature, to mode of aggregation-let us 
suppose, I say, that this body is found to contain the same quantity of heat that it contained at 
first, or else that the quantities of heat absorbed or set free in these different transformations 
are exactly compensated. This fact has never been called in question. It was first admitted 
without reflection, and verified afterwards in many cases by experiments with the calorimeter. 
To deny it would be to overthrow the whole theory of heat to which it serves as a basis. For 
the rest, we may say in passing, the main principles on which the theory of heat rests require 
the most careful examination. Many experimental facts appear almost inexplicable in the 
present state of this theory. 

 Many authors assert, however, that Carnot never uses this assumption for proving any 
of his conclusions. In our opinion, however, the idea of heat transferring without a change of 
its quantity through the system played the crucial role in the discovery of the second law of 
thermodynamics. It was mistaken, nevertheless, this mistake was lucky because it allowed 
Carnot to discover the second law as a very convincing statement. 
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 How did Carnot discover this fundamental law?  The crucial point of his 
considerations is the possibility of performing a special process in which heat performs an 
amount of work in an inverse direction. During this reverse action the same amount of work, 
W, has to be supplied and the same amount of heat is taken from the refrigerator and the same 
amount of heat is returned to the furnace. Carnot assumed (tacitly) that the heat (caloric) taken 
from the refrigerator is the same as that returned to the furnace. (We know that it would 
disturb the first law of thermodynamics and hence these heats have to be different.  
Nevertheless, no point in Carnot’s thinking is false due to this assumption because it is never 
explicitly used.) Carnot’s ingenious (and indeed revolutionary) idea consists in imagining a 
cycle realized partially by a more sophisticated arrangement of the engine that is more 
efficient than the reversible one. Such an engine would perform more work in the forward 
running, say W’ > W, by withdrawing the same amount of heat from the furnace. The reverse 
operation of the reversible engine, however, could be performed by using only a part of the 
work W’, namely W, and a positive amount of work, W’ – W, would be obtained. Carnot 
argues that it is inadmissible because we could restore the initial conditions and repeat this 
cycle again and again to gain more and more work [1] (p. 12): 

Now if there existed any means of using heat preferable to those which we have employed, 
that is, if it were possible by any method whatever to make the caloric produce a quantity of 
motive power greater than we have made it produce by our first series of operations, it would 
suffice to divert a portion of this power in order by the method just indicated to make the 
caloric of the body B return to the body A from the refrigerator to the furnace, to restore the 
initial conditions, and thus to be ready to commence again an operation precisely similar to 
the former, and so on: this would be not only perpetual motion, but an unlimited creation of 
motive power without consumption either of caloric or of any other agent whatever. Such a 
creation is entirely contrary to ideas now accepted, to the laws of mechanics and of sound 
physics. It is inadmissible.     

 Carnot is entirely right, it is inadmissible. This inadmissibility expresses nothing but 
the second law of thermodynamics. Nevertheless, its reasoning is supported by the fact that it 
is ``an unlimited creation of motive power without consumption either of caloric or of any 
agent whatever”. But it is not true. The more efficient run of the engine would transmit less 
heat to the refrigerator than the heat taken from the refrigerator during the reverse run. Hence 
the whole fictitious cycle would only consume heat from refrigerator. The inadmissibility of 
that is the core of the second law. Nevertheless, it is not an obvious statement. If Carnot were 
aware of the fact that the heat transmitted to the refrigerator is less than that obtained from the 
furnace he could hardly conclude so convincingly that the fictitious cycle is inadmissible.  

 These considerations led Carnot to the quite fundamental conclusion. Namely, if there 
is no possibility of constructing a more efficient engine then the reversible one, reversible 
transformations present limit cases maximizing a possible gain of work from heat. Moreover, 
Carnot introduced his famous cycle and by using it he supported his important concluding 
result [1] (p. 20): 

The motive power of heat is independent of the agents employed to realize it; its quantity is 
fired solely by the temperatures of the bodies between which is effected, finally, the transfer of 
the caloric.  

 It is clear that by ``motive power of heat” Carnot thinks the mechanical work that can 
be gained from an amount of heat, i.e., its maximal value. This statement became the entirely 
new principle in physics. It is called the Carnot’s theorem. Its modern formulation may be as 
follows (see [2], p. 33): 
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The efficiency of reversible Carnot cycles is independent of the modes of operation and the 
material used, and is maximum. It depends only on the temperatures of the heat reservoirs.  

This theorem is equivalent to the second law of thermodynamics [2] (p. 36).  

 

3. 2.  Clausius’ fundamental contribution: the birth of entropy 
 A Carnot’s work from 1824 was beyond recall for ten years until Clapeyron published 
its clearer version in 1834. It was a starting point of further investigations in thermodynamics 
concerning the second law. Probably the most important was the work by Rudolf Clausius. 
His contributions were published in a series of papers started at 1850 (the collection of these 
fundamental papers is published in the book [3]). At that times, the equivalence of work and 
heat and their mutual transformability started to be well understood and experimentally 
confirmed (the most important contributions came from Julius Robert von Mayer, James 
Prescot Joule and Hermann von Helmholtz [4,5]. Clausius formulated this transformability by 
the following maxim [3] (p. 18) 

In all cases where work is produced by heat, a quantity of heat proportional to the work done 
is consumed; and inversely, by the expenditure of a like quantity of work, the same amount of 
heat may be produced. 

 This statement is an evident contradiction with the Carnot’s reasons justifying the 
inadmissibility of a more efficient engine than the reversible one. Namely, when an amount of 
heat is consumed during the run of the machine (since the work is done) it cannot be 
transmitted to the refrigerator without any loss. The main protagonists of the story thus found 
themselves in a delicate situation. The question was whether Carnot’s conclusions should 
have been refused. The dilemma was resolved by attaching to Carnot’s conclusions. Clausius 
wrote [3] (p. 17): 

It is not even requisite to cast the theory of Carnot overboard; a thing difficult to be resolved 
upon, inasmuch as experience to a certain extent has shown a surprising coincidence 
therewith. On a nearer view of the case, we find that the new theory is opposed, not to the real 
fundamental principle of Carnot, but to the addition ``no heat is lost”, for it is quite possible 
that in the production of work both may take place at the same time; a certain portion of heat 
may be consumed, and a further portion transmitted from a warm body to a cold one; and 
both portions may stand in a certain definite relation to the quantity of work produced. This 
will be made plainer as we proceed; and it will be moreover shown, that the inference to be 
drawn from both assumptions may not only exist together, but that they mutually support each 
other. 

 He noticed that the Carnot’s principle [3] (p. 116) “…expresses a relation between two 
kinds of transformations, the transformation of heat into work, and the passage of heat from a 
warmer to colder body, which may be regarded as the transformation of heat at a higher, into 
heat at a lower temperature.”  To emphasize that he reformulated it as follows: 

In all cases where a quantity of heat is converted into work, and where the body effecting this 
transformation ultimately returns to its original condition, another quantity of heat must 
necessarily be transferred from a warmer to a colder body; and the magnitude of the last 
quantity of heat, in relation to the first, depends only upon the temperatures of the bodies 
between which heat passes, and not upon the nature of the body effecting the transformation. 

 Since both transformations are linked together, Clausius realized that the Carnot’s 
principle might be modified by the principle concerning the passage of heat itself. He 
formulated the principle [3] (p. 117) 
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Heat can never pass from colder to a warmer body without some other change, connected 
therewith, occurring at the same time. 

 This principle seemed to him more obvious since (p. 118) “…heat everywhere 
manifests a tendency to equalize existing differences of temperature, and therefore to pass in 
a contrary direction, i.e. from warmer to colder bodies.”  Nevertheless, he was well aware of 
an impossibility of simplifying this principle to the fact that ``heat cannot pass from a colder 
to a warmer body” because it would be false. We may imagine many various arrangements in 
which heat passes from colder to warmer bodies. But each of them is connected with another 
change of something else. Heat cannot pass from colder to hotter body by itself. By this 
completion, however, the modified Carnot’s principle is not so obvious. Both the Carnot’s 
principle and its modified version are the formulations of the second law of thermodynamics. 
We stress again that it is not an obvious statement, regardless which formulation is chosen.   

 Thus Clausius elucidated the essence of the Carnot’s theorem – the inadmissibility of a 
more efficient device (obtaining a more amount of work from a given quantity of heat) has 
nothing in common with the impossibility of ``an unlimited creation of motive power without 
consumption either of caloric or of any other agent whatever“ [1] (p. 12). Rather, it is 
connected with an impossibility of obtaining work only by transforming it from heat (without 
other changes connected therewith). This transformation must be accompanied by another 
transformation, namely that in which an amount of heat passes from a hotter body to a colder 
one. The exclusiveness of reversible processes consists in the fact that when realizing a 
reversible change these transformations are mutually compensated. Clausius concludes that 
``…these transformations may be regarded as phenomena of the same nature” and finds 
``…the law according to which the transformations must be expressed as mathematical 
magnitudes, in order that the equivalence of two transformations may be evident from the 
equality of their values.” [3] (p. 122).   He calls the searched ``value of a transformation” its 
equivalence-value. This ``equivalence-value” is an ancestor of the concept of entropy. 

 The passage in which Clausius searches for these mathematical magnitudes [3] (pp. 
123-127) looks rather strange. He postulates that ``…the equivalence–value of the 
transformation of work into the quantity of heat Q, of the temperature t, may be represented 
generally by  

Q . f(t), 

wherein f(t) is a function of temperature, which is the same for all cases.”  Similarly, the 
value of the passage of the quantity of heat Q, from the temperature t1 to the temperature t2 
may be expressed by 

Q . F(t1, t2). 

However, there is no physical explanation of these formulas. The quantity Q.f(t), for example, 
does not mean something assigned to work - it is only related to the transformation of work 
into heat. Clausius calls the transformation to be positive if it is either the change of work into 
heat or the passage of heat from warmer to colder bodies. That is, positive transformations 
occur naturally (spontaneously) in Nature – heat is produced by friction as well as it passes 
from warmer to colder bodies.  

 Though Clausius speaks only about reversible transformations he lately applies the 
results also to irreversible ones. We comment this important point in next paragraph. For 
now, however, it is an indication that the equivalence value is not related only to reversible 
changes (it concerns for instance a spontaneous heat conduction between two bodies of 
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different temperatures). The only property assigned to the transformations is the symmetry of 
the heat exchange expressed by the formula 

F(t1, t2) = - F(t2, t1). 

 The main point of the Clausius consideration is following: he assumes that the sum of 
equivalence-values of all transformations during a reversible cyclic process is zero. Since the 
equivalence-value is a universal function it may be applied to various cycles and their 
combinations. By doing that it may be easily revealed that 

F(t1, t2) = f(t1) – f( t2). 

Then the universal function of temperature, f(t), may be denoted as 1/T and we obtain the 
most important result of the whole thermodynamics, namely that ``the generation of quantity 
of heat  Q of the temperature t from work, has the equivalence-value  

T
Q , 

and the passage of the quantity of heat Q from the temperature t1 to the temperature  t2, has 
the equivalence value  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

22

11
TT

Q , 

wherein T is a function of the temperature, independent of the nature of the process by which 
the transformation is effected” [3] (p. 126).  

 Afterwards he discusses a process when the several bodies K1, K2, K3, …, serving as 
reservoirs of heat at the temperatures t1, t2, t3, …, have received during the process the 
quantities of heat  Q1, Q2, Q3, …, respectively, so that the total value N of all transformations is 

K+++=
3

3

2

2

1

1

T
Q

T
Q

T
QN .      (1) 

This formula assumes the constant value of the temperature of individual bodies during the 
process. Nevertheless a generalization to the case when the bodies may change its 
temperatures is easy: we simply sum small pieces of heat, dQ, divided by the temperature at 
which they are exchanged.  Moreover, we may imagine all bodies as a one, unevenly heated, 
and interpret dQ as a global heat exchanged of all parts of this large body at a concrete 
temperature1. As a result, we get the well-known expression, namely 

∫= T
dQN .                                                                   (2) 

The crucial result is that N = 0 during a reversible cyclic process (though the proof is not so 
easy [3], pp. 127-129), i.e. 

∫ =
rev T

dQ .0        (3) 

Up to now, the temperature T(t)  means the temperature of heat reservoirs (bodies surrounding 
the system) with which (or among which) the heat is exchanged. Therefore the essential step 
is done when Clausius identifies T with the temperature of the body itself [3] (p. 130):  

                                                 
1 It is the essence of  the ``heat measure” introduced for example by  Šilhavý [6] (p. 112). 

84



``…let us assume that all parts of the body have the same temperature; then in order that the 
process may be reversible, the changing body when imparting or receiving heat can only be 
placed in communication with such bodies as have the same temperature as itself, for only in 
this case can the heat pass in an opposite direction. […]  In this case it is of course of no 
importance whether t […] represents the temperature of the reservoir of heat just employed, 
or the momentary temperature of the changing body, inasmuch as both are equal.”  

It is worth stressing that this identification is possible only if the process is reversible.  

 By understanding T as the temperature of the studied system and  -dQ its exchange of 
heat (the minus sign means that heat is understood with respect to the system and not to the 
surrounded reservoirs), the fact that a cyclic integral vanishes independently of which cyclic 
reversible process is done allows us to define a state variable  

∫−=
rev T

dQSS 0                 (4) 

where 0 is an (arbitrarily chosen) ``referential” state and 1 represents an arbitrary state to 
which the value S is assigned. Clausius called lately (in 1865) the quantity S the entropy from 
the Greek word meaning the transformation [3] (p. 357).  

 

3. 3.  Irreversible processes and nonequilibrium thermodynamics 
 Thermodynamics is based on fundamental Carnot’s idealization – the reversible 
process. Namely, the (theoretical) possibility of realizing a transition between two states in a 
reversible way is crucial for all considerations. Only by using it we can actually use the 
second law and obtain important results concerning arbitrary processes. The crucial step is 
nothing but the Carnot’s mental procedure consisting in a reversible return into a demanded 
(e.g. initial) state. That is exactly the way in which Clausius studies irreversible processes. 
Since temperatures T in the formula (2) are the temperatures of surrounding reservoirs (e.g. 
the environment) the quantity N may be defined for an arbitrary process (supposing that these 
temperatures are defined at each time moment) because dQ may be determined at any time 
moment as a heat supplied or absorbed by some of the reservoirs2.  Clausius proves (by using 
such reversible returns) that the quantity N cannot be negative, i.e. 

∫ ≥= 0
T
dQN .      (5) 

He calls N the uncompensated heat, because in irreversible processes some positive processes 
(in which Q/T is positive, e.g. friction or spontaneous heat conduction) are not compensated 
by a production of work (e.g. in a form of rising a weight in gravitational field) that may be 
used afterwards in a reverse run for a return of the heat into reservoirs.   

 The uncompensated heat may be determined in an arbitrary (non-cyclical) process. It 
is shown by Clausius by using a reversible return again. Namely let the system change its 
state, denoted by 0, into an arbitrary state, denoted by 1, by an irreversible process. Suppose 
that there is a reverse return from this state to the state 0. Then the uncompensated heat during 
the whole cycle equals 

                                                 
2 In beginning of Clausius considerations, the heat is not exchanged primarily with the system – it may be 
produced by the reservoirs or absorbed by them or even exchanged between them (the role of the system is only 
auxiliary because it may assist to this exchange).  
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0
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0 rev T
dQ

T
dQN .      (6) 

The second term calculated along the reversible path, however, equals the difference of 
entropies due to the formula (4), i.e. 

∫ −=
0

)(1
0

rev

SS
T
dQ ,      (7) 

where S denotes the entropy of the state 1. The uncompensated heat occurs only along the 
irreversible run, i.e. N corresponds to the process from the state 0 into the state 1, . 
Its value thus equals 

10→= NN

∫ −+=→

1

0
010 SS

T
dQN .     (8) 

Notice that the fact that  implies that too. It implies that  10→= NN 010 ≥→N

∫−≥−
1

0
0 T

dQSS .      (9) 

It is called the Clusius-Duhem inequality. If now the irreversible process from 0 to 1 is 
adiabatic, i.e. there is no exchange of heat, dQ =0, then the Clusius-Duhem inequality implies 
that  

0SS ≥ ,       (10) 

i.e. the entropy cannot decrease during an irreversible, adiabatic process. Notice that this 
relation may be formulated only thanks to the fact that some reversible path connecting the 
initial and final state of the irreversible process exists.    
 Since the time of Clausius’ epochal discoveries no essentially new ideas concerning 
the description of irreversible processes have appeared. All approaches are, in a way, only 
various modifications or precise mathematical formulations of original Clausius’ ideas. There 
exist only various approaches attacking the problem of description of irreversible processes 
by different approximations. They differ by the way in which the irreversible processes are 
related into the reversible ones. In classical irreversible thermodynamics, for example, an 
arbitrary state is understood as a composition of infinitely many “infinitesimally small” cells 
in equilibrium. It allows assuming the existence of entropy assigned to any state (as an infinite 
sum of entropies of individual cells).  
 The so-called rational thermodynamics stems from the Clausius inequality, especially 
its special form, the Clausius-Duhem inequality. An interesting novelty is the idea of Noll and 
Coleman consisting in using the Clausius-Duhem inequality as a ``sorting” principle choosing 
from an arbitrarily conceivable material responses only those that fulfill the inequality in an 
arbitrary admissible process [8] (see also [6], p.153). The relation of the description of 
rational thermodynamics into equilibrium is hidden in using the concept of temperature that is 
the crucial quantity for formulating the Clausius inequality (because it realizes the passage 
from heat into a state variable – the entropy). In Clausius derivations, the understanding of T 
as the (equilibrium) temperature of some bodies (heat reservoirs) in thermal equilibrium is 
crucial. Namely these derivations insist on the Clausius’ formulation of the second law that 
claims the strict impossibility of a spontaneous (i.e. realized by itself) heat transfer from 
colder to warmer bodies. The rational thermodynamics uses the temperature as a primitive 
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concept occurring in the Clausius-Duhem inequality [6] (p. 109). May it mean something else 
than the equilibrium temperature?  Imagine that two bodies are in thermal nonequilibrium and 
we assign to them a quantity, say Tneq, called the nonequilibrium temperature (there are many 
methods of doing that – we know for instance the contact temperature, the kinetic temperature 
etc.). Nevertheless, any relation of these temperatures, for example Tneq < T’neq, does not 
guarantee that the heat cannot spontaneously flow from the body with the temperature Tneq 
into the second one. It indicates that the temperature used in the Clausius-Duhem inequality 
may be hardly interpreted as a nonequilibrium one.   
 In extended irreversible thermodynamics [9] the second law is formulated formally as 
an impossibility of negative production of entropy. The starting point is the assumption that 
there is a state function called the nonequilibrium entropy that may be assigned to 
nonequilibrium states. The nonequilibrium entropy is used for the definition of the so-called 
nonequilibrium temperature θ by the relation 

u
s
∂
∂

=−1θ .       (11) 

These assumptions, however, are highly problematic. Namely, the concept of entropy as well 
as temperature is closely related to the second law. There is no relation of the definition (11) 
to the second law if the system is not in equilibrium [10]. Also other approaches use some 
equilibrium thermodynamic quantities defined at nonequilibrium states (like entropy or 
temperature), nevertheless a careful operational relation into some ‘near’ or ‘accompanying’ 
equilibrium states is ever supposed, e.g. in thermodynamics with internal variables [11].  

 A rather radical approach is presented in the work by B.C. Eu [2] who interprets the 
uncompensated heat N in the relation (2) as a quantity being independent on the circular 
integral at the right-hand side of this relation. That is, (2) is understood not as a definition of 
N but as a genuine physical equality. It implies that by supposing the uncompensated heat in 
the form ∫= dNN  we obtain from (2) that exists a state variable ψ  defined by 

(since the circle integral of dQTdNd 1−−=ψ ψd  is always zero). The crucial problem of 
Eu’s approach is the assumption of existence of the uncompensated heat as an independent 
physical quantity. Without a deep physical explanation of this fact, however, all obtained 
results look rather formally and problematic.  

 

3. 4.  Abstract thermodynamics – from a system to its surrounding 

 In comparison with Newtonian physics, the Carnot’s epochal discovery looks very 
strange.  There is no evident point of concurrence of these theories as seen at the first glance 
by striking difference of their languages. Since Newtonian mechanics had become an 
excellent description of physical reality, the oncoming history of thermodynamics was 
stigmatized by an intensive effort to include thermodynamics into the framework of 
Newtonian physics. It is not incidental that the collection of Clausius’ works [3] was named 
the ``Mechanical theory of heat”. Understanding heat as a form of motion makes feeling that 
thermodynamics is nothing but a part of mechanics. However, the differences are principal 
and cannot be so easily bridged over.  

 Look for instance the problem of explanation the `heat’ from the viewpoint of 
Newtonian physics. Namely it cannot be identified with a kind of molecular motion. It is 
rather an ``energy transfer to the hidden molecular modes" as observed by H. B. Callen  [12] 
(p.8). The essence of heat is thus an energetic ``communication" between macroscopic and 
microscopic scales. However, the concept of macroscopic scale is difficult to be defined as 
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well as the form of this ``communication”. Nevertheless, we can avoid the problem by 
defining the heat via the familiar thermodynamic relation (the first law), 

 

dE= -δW + δQ,       (12) 

 

where dE is an infinitesimal change of the energy of the system and δW the performed work.  
These quantities have an evident relation to Newtonian physics – the energy as well as the 
work is defined in mechanics. In thermodynamics, however, the concept of work is not so 
simple because its mechanical definition as a ``force times distance” is insufficient. The 
question is which forces and which distances. Namely, if we calculated the sum of ``forces 
times distances” for all molecules of the system the work would always equal the change of 
the whole energy of the system and no heat would appear in (12). 

 

 
Fig.  1. What is work? If we calculated a sum of all ``forces times distance” including interatomic 
forces we would obtain a full energy exchange of the system with its surrounding. The work, however, 
is the ``force times distance” concerning only the movement of the piston.   
 Let us illustrate this on the familiar thermodynamic system consisting of a gas in a box 
that includes a movable piston. The piston is connected through a rope with a weight in 
gravitational field as illustrated in Fig 1. The work is defined by the displacement of the 
piston. However, if this physical system is understood as a conglomerate of molecules of the 
gas and molecules of the box and piston, then the ``displacement of the piston” is only a 
special molecular movement (among many others). Why this movement has a fundamental 
meaning to define the decomposition of the energy into work and heat? And how it could be 
generally defined? It is difficult to answer such questions from the point of view of the system 
itself in a different way than speaking about some ``macroscopic modes" of the movement 
(see e.g. [12], Section 1.2) and their eminent relevance for thermodynamics. Thereby we 
again face the problem with an explanation of the word ``macroscopic”. 

 Let us try to look at the system from the point of view of the other physical system in 
its surrounding -- the weight that interacts with the system through a connecting rope (see 
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Fig.1). When displacing the weight, the piston begins to move. The weight thus defines what 
is meant by that special ``mode'' of the motion. It is enabled by a special arrangement that 
allows manipulation with the system by another system. The thermodynamic work then may 
be defined as a form of energy communication between the system and its surrounding which 
arises in special   manipulations with the system3.   In the pioneering work by  R. Giles [14], 
that is attempting to formulate an axiomatic foundation of   thermodynamics, the author 
introduces a class of  ``mechanical systems" that serve as suitable surroundings allowing to 
define the adiabatic process ([14], Chapter 5), i.e., the process when the only energy transfer 
is realized by the work. Recently, the Giles' work has been successfully crowned by proposing 
a perfect axiomatic system of equilibrium thermodynamics by E. H. Lieb and J. Yngvason 
[15]. Though the authors are getting near the Giles' work at many points, they avoid any 
attempts to define adiabatic processes (and work) in this way. Instead, they introduce the 
concept of adiabatic accessibility (in the spirit of Planck's formulation of the second law) by 
using only a very special ``mechanical system" in the surrounding of studied thermodynamic 
system – a weight in gravitational field4.  

 Thermodynamics thus seems as not being able to avoid the presence of something (a 
mechanical device, the weight in a gravitational field, etc.) in the surrounding of the studied 
system. If the system were only alone, the concept of heat, work or adiabatic accessibility 
would become superfluous or even nonsensical. In the Newtonian physics the term``alone” 
means to be the only one in space (so that the influence of other bodies may be neglected). 
The (hypothetical) possibility for any system to be studied as ``being alone” is hence the 
leading idea of the Newton's program: it allows simplifying considerable external interactions 
and studying inner dynamics of the system5. Thus thermodynamics presents a small but 
remarkable conceptual controversy with the Newtonian scheme because its basic concepts 
cannot be principally defined when using only systems in empty space.  
 Keeping that in mind we go back into the Carnot’s and Clausius’ considerations and 
try to pinpoint their ``non-Newtonian” features. The first striking fact is that we, in fact, do 
not do physical considerations about the ``studied” system (like a gas in a box) but about 
various heat reservoirs in its surrounding. Namely the cyclic processes that have the crucial 
role in those considerations mean that the system goes back into its initial state. That is when 
comparing the initial and final states of the ``world” the system remains in the same state and 
hence does not play a role. The system is rather an auxiliary ``device” allowing to compensate 
heat flow by an amount of work. The gas in a box with piston that may be adiabatically closed 
and ingeniously put into contact with heat reservoirs enables us to realize even the most 
efficient, reversible transfer of heat into work. The core of Carnot’s statement does not consist 
in that what happens with the system but in that what does with the reservoirs. To show it let 
us repeat the Carnot’s proof of maximal efficiency of a reversible cycle in detail. 
 Let there be a device D’ producing much work during a working cycle than the 
reversible device D. The both device withdraw the same amount of heat from the heat 
reservoir, say Q. The heat transmitted to the second reservoir (e.g. the environment) by 
individual device, however, must be different (we do not follow Carnot in this point and use 
the first law), namely the reversible device returns Q‘ =  Q – W, the more efficient one does 

                                                 
3 S. Kauffman [13], a biologist, (when realizing in the discussion with a physician P. W. Anderson that the 
concept of work is far to be clear, p. 96) specifies work   as ``constrained release of energy" whereas by 
``constrains” means   external organization of energy transfer by various pistons,   wheels, paddles and so on.  
4 The other place where the concept of work is used is the passage when the authors define simple systems. The 
``work” is represented there only by a sort of special coordinates without a detail explanation ([14], p. 38).  
5 For example, when deriving the Kepler's laws of motion of planets around the Sun, we imagine 
one planet (e.g. the Earth) and the Sun as a physical system which is  alone in empty space. 
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Q‘‘ = Q – W’ < Q’.  Now we consider the two device putting side by side and construct a new 
cycle consisting of two subsequent operations: first the more efficient device does a cycle 
withdrawing Q from the hot reservoir while the second does nothing. Then the reversible 
device does the reverse run and returns this heat Q to the hot reservoir (and the more efficient 
one does nothing). The reverse run needs the work W that means that the amount of work  

ΔW  =  W’ – W  > 0 

is obtained from this double cycle at the expense of the heat Q’ – Q‘‘ that is taken from the 
second reservoir. Otherwise nothing is changed ``in the world” because the first reservoir is in 
the same state as at the beginning – the heat Q has been returned to it – and both device are in 
their initial states. This contradicts the second law because the work ΔW is obtained only 
from the heat pumped from the second reservoir. 

 It is worth noting that the role of both reservoirs is not symmetric. In the previous 
consideration, the first one returns into its initial state because the heat Q is given back to it. 
From this viewpoint this reservoir is understood as a physical system whose initial state may 
be reconstructed if necessary (the role of reversibility in Carnot’s considerations is just the 
possibility of this reconstruction). The second reservoir plays rather the role of an 
uncontrolled environment – the merit of the proof consists in impossibility of pumping the 
heat from it (without compensation). Second, the role of a system (e.g. a box with gas) is only 
auxiliary to allow realizing a reverse run – we never use its other properties during the 
consideration.  Taking into account these facts we may try to formulate the Carnot’s theorem 
and the second law in a very abstract form.  

 

3. 5.  Abstract formulation of the Carnot’s theorem and the second law 
 The main step in our new formulation consists in assigning a totally different role to 
the both reservoirs. The first reservoir together with the auxiliary system (e.g. a box with gas) 
will be understood as the system in a common physical meaning of this word. In Newtonian 
physics, any physical system may be understood as being alone in empty space that cannot be 
influenced by the system in a way (as a result, the law of conservation of energy may be 
assumed because the system cannot exchange energy with the space). Here, we introduce the 
crucial deflection: the ``space” is not empty and it may interact with the system. Namely the 
second reservoir may be understood as an infinite ``sea” that is homogeneous and isotropic. 
This ``sea” may exchange energy with the system. Nevertheless, the ``sea” may be supposed 
to be unchangeable (not changing its state during interactions with the system) because it may 
be understood to be extremely large in comparison with the system. In other words, any 
``material” interpretation of the ``sea” is superfluous – we may simply imagine something like 
an empty space but such that the energy of the system in this space is not conserved. 

 Moreover we need a physical definition of performed work. The problem with work is 
that it is a special energy transfer to the exterior of the system (we cannot avoid this fact!). 
Following [15] we define the work by a weight in gravitational field somewhere else – its 
displacement defines the performed or gained work. Therefore the work may be quantified by 
one length parameter, say l. If l is positive, the weight has risen up, if l is negative, it has 
fallen down. Our description thus looks as follows. The state of surrounding is parameterized 
by a length parameter l and the energy of the system may not be conserved. This ``violation” 
of the law of energy conservation, however, may not be related to the change of the parameter 
l. The exact relation is expressed via the second law. It may be formulated as follows. 

Second law.  During an arbitrary process in which the system returns into its initial state, the 
           parameter l may only decrease its value or remain constant. 
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 The system is understood as being alone in our generalized space. The crucial fact is 
that there is no restriction on what is understood under the system. For example, the system 
may not be macroscopic6. Similarly, its initial state may be also arbitrary. Notice for instance 
that the system may be in nonequilibrium state. It may look surprisingly when we remember 
that the system here includes also the first reservoir (the furnace) in Carnot’s work. 
Nevertheless, the only property of this reservoir that is really used is a possibility of returning 
the borrowing heat during a reverse run7. It is worth stressing that the equilibrium of the 
second reservoir, by contrast, is a necessary condition. Here this reservoir is represented by a 
homogenous, isotropic ``sea”. 
 The crucial concept in our abstract approach is the concept of process. Its precise 
definition in a very abstract, general form not using the idea of a spatiotemporal background 
is given at [16] (Chapter 2). It is based on the concept of  `change’ that is introduced as an 
ordered couple [s,s’] where s and s’ are two states of the system8. The reversible process 
means such a change [s,s’] that there exists another change, [s’,s], so that the parameter l’ of 
this change equals –l, where l is the parameter of the change  [s,s’].  The generalized Carnot’s 
theorem then may be formulated as follows. 
Carnot’s theorem. Let p be a reversible process connecting the state s with another state s’ 
of the system. Then the parameter l = lrev(s,s’)  does not depend on a concrete realization of 
the process (i.e. is the same for all reversible processes). If p’ is an arbitrary process 
connecting s with s’ then the parameter l of this process cannot exceed lrev (s,s’). 
 The proof is completely the same as that concerning only the hot reservoir whose state 
is changed by withdrawing an amount of heat – here s’ corresponds to the state of the 
reservoir (plus the auxiliary system) after loosing a part of thermal energy (while the auxiliary 
system getting into the same state). Namely an arbitrary process connecting s with s’ is 
connected with a subsequent reversible process in the reverse run.  

 

3. 6.  A material sample in a varying temperature field 
 After a very general discussion of the foundations of thermodynamics we will study a 
simple illustrative example. Let us imagine a small material sample that is in an environment 
that is heated or cooled by an externally controlled way. This is a typical situation in thermal 
analysis where special measurements of material responses to temperature changes are done. 
When the heating or cooling is very slow and no thermal gradients exist in the environment, a 
permanent thermal equilibrium within the sample may be supposed and the temperature of the 
sample equals the current temperature of the environment. This situation is that mentioned by 
Clausius when he identified the temperature of heat reservoirs with that of the studied body, 
which enabled him to introduce a new state variable of the body – the entropy.  
 Nevertheless, the formulation of the second law does not insist on such an assumption. 
As clearly seen in the abstract formulation of thermodynamics, the role of the ``studied body” 
                                                 
6 If the system is microscopic, say a molecule, the surrounding ``sea” corresponding to a `space’ cannot be a 
matter consisting of atomic particles – namely then it would not be a homogeneous and isotropic background 
(since the matter looks highly heterogeneous at molecular scales). These questions are deeply related to possible 
violations of the second law at small spatial scales [17]. In our formulation, however, the second law is perfectly 
valid at all spatial scales – only the surrounding thermodynamic space (the ``sea”) has to be chosen appropriately 
to the studied system.  
7 In Carnot’s engine the equilibrium of both reservoirs is necessary only for an explicit constructing the reverse 
run of the engine. 
8 The change is however always connected with an external manipulation with the system.  
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is only auxiliary and no assumption about its thermal equilibrium is necessary. Keeping that 
in mind let us go back to the typical situation in thermal analysis – a studied sample of 
material is not in thermal equilibrium with the environment. Moreover, same thermal 
gradients may even occur in this environment (see Fig. 2). 
 

 

 T’(t) 
 

sample  L   ?  θ(t)  ? 
 

 
T(t)  

environment 
 

 
Fig 2. A typical situation in thermal analysis: a sample is located in an environment that is heated or 
cooled by an externally controlled way. There may or may not be some thermal gradients in the 
environment, say grad(T) ~ (T’ – T)/L. The question is, however, what is an effective current 
temperature, say θ(t), of the sample during the process that is responsible for triggering various 
processes within the sample (like melting, evaporation, glass transition and so on). It is worth 
stressing that this temperature cannot be identified with the environment temperature T(t) even if there 
is no thermal gradient within the environment (i.e. T(t) corresponds to the temperature of the 
environment that is in perfect thermal equilibrium at each time instant). Namely if the heating or 
cooling process is not infinitely slow the current sample temperature does not equal T(t).    

 
 We will suppose that the current distribution of the environment temperature (or 
simply the current environment temperature) may be determined at each time instant9. In 
other words, we assume that the temperature at the border of the sample is known at each time 
instant. The formula (2) may be then written in the form 

∫ ∫
⋅

=
A

dA
T

nqN ,       (13) 

where q is the vector of heat flux at a point of a body surface A, n is the vector of external 
normal of the body surface and T is the temperature of the environment at a point near the 
body surface; whereas  the first integral represents the sum (1), i.e., it may be interpreted as a 
time integral representing the varying heat fluxes during the process. 

 The crucial assumption concerning the temperature inside the sample is that there is a 
smooth continuation of the environment temperature distribution over the whole sample. The 
temperature field within the sample may be therefore denoted as that in the environment, i.e. 
T(x,t). Nevertheless, it is important to stress again that the thermal distribution (or thermal 
gradients) within the sample cannot be measured (ref. [18], p. 6) or otherwise determined (e.g. 
by some indirect methods or calculations). A partial fixation of the thermal field within the 
sample may be done by using the divergence theorem and writing (13) 

                                                 
9 For example, when measuring the temperature at two points around the sample we may approximate the 
distribution of the temperature by a linear function approximating the measured gradient (see Fig. 2).  
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∫∫ ⋅∇==
VA

dV
T

dA
T

N ⋅ qnq .      (14) 

The integral on the right-hand is taken across the body, which means that the smooth 
continuation of the field T(x,t) has to fulfill this identity. Nevertheless, it is quite insufficient – 
the temperature field within the sample may be defined by infinite manners that fulfill the 
identity.     
 Though the temperature within the sample is not homogeneous we detect anyway only 
``global” physical effects of this temperature, such as a change of the sample weight or its 
overall phase transitions. In other words, no detail temperature distribution within the sample 
but an averaged value of its, say θ, is important for physical evaluation of a thermal analysis 
procedure. A possible way of defining such an averaged value is for instance the arithmetic 
mean, namely 

∫−≡
V

TVt ()( 1θ dVtx ), ,       (15) 

where V is the volume of the sample. The relation of this value to the current environment 
temperature is of the crucial importance. Let us suppose for simplicity that the (heated or 
cooled) body is spherical in shape. Then we can use a very general mathematical lemma 
derived recently [19]. Namely whenever the smooth field T at the center of the body fulfills 
the inequality 

0>Δ
∂
∂ T

t
T ,        (16) 

there is a nonzero distance l so that the arithmetic mean of the temperature over the sphere 
with the radius l or smaller, , equals the averaged temperature over the surface of this 
sphere,  

lT 〉〈

∫−≡〉〈
A

A
l dAtxTAtT ),()( 1 ,      (17)  

 
 A physical 

effect
 

 

 

 
TT’ 

 

 

 

Fig. 3. At the moment when we observe a physical effect the measured temperature is T. But the 
temperature of the sample at this moment is not T but T’ that corresponds to the measured 
temperature at the previous moment t – δt.  
 

but at a delayed time instant, namely 

time t –δt t
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)(tT A
l〉〈 .       (18) )( ttT l =+〉〈 δ

 It implies that if the sample is sufficiently small so that its radius R is 
smaller than l, we may use the formula (18) directly for the sample, i.e. with l = R when 

θ=〉〈 RT . Then its interpretation is straightforward: the averaged current temperature of the 
sample, θ(t), does not equal precisely the measured temperature corresponding to a (mean) 
temperature of the environment at the same time moment. If the typical time scale of the 
heating (or cooling) process is comparable with the time delay δt, the averaged temperature of 
the sample at time t corresponds to the measured temperature at time t’ = t – δt (see Fig. 3).  
The time delay δt depends on the size of the sample and the dynamics of heat conduction 
process in the sample. For example, if the heat conduction is governed by the diffusion 
equation,  

TD
t
T

Δ=
∂
∂ ,        (17) 

the time delay may be expressed as [19] 

21

15
1 RDtdiff

−≈δ         (18) 

where R is the radius of the sample. It is worth noticing that the condition (15) is 
automatically satisfied if (17) is valid since D is always positive. Nevertheless, if the process 
of heat conduction is governed by other law, the formula (18) may not be valid and we get 
another time delay. For example, if the heat conduction process is governed by the hyperbolic 
heat conduction, 

 TD
t
T

t
T

Δ=
∂
∂

+
∂
∂

2

2

τ ,       (19) 

we get the time delay that depends on the time derivatives of T at the center of the sample 
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 A determination of the time delay thus may be important for understanding the heat 
process in the sample. It may be determined by finding a shift on the time axis when 
comparing the time when a typical physical process occurs in a very slow realization of the 
experiment and the fast one. 

 

3. 7. Conclusions 
 The book [16] presents an attempt of formulating a physical description without using 
a given spatiotemporal background (which is necessary in Newtonian physics). Instead of an 
external `flow of time’ there is only an abstract `change’ defined as a couple of states. 
Similarly, an indifferent spatial background is not used and the concept of  `surrounding’ as a 
genuine physical system is used instead. The source of changes are manipulations coming 
externally into the system from its surrounding. The main interest concerns the concept of 
adiabatic accessibility that is crucial in Lieb’s and Yngvason’s axiomatic scheme. 
Nevertheless, the considerations are very general and no many comparisons with the classical 
thermodynamic description are presented. That is why this contribution deals more with these 
questions. We have tried to summarize main ideas of S. Carnot and R. Clausius who laid the 
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foundations of thermodynamics [1,3,5,12,16,20,21]. The crucial noticing is the fact that the 
main role in their thinking and logical considerations (especially those concerning the 
formulation of the second law) plays rather the surrounding reservoirs than the system itself. 
The system (like a box with a gas) plays an auxiliary role as a ``device” enabling us to 
minimize the uncompensated heat by a sophisticated use of flows of heat energy into 
performing an amount of work. This work then may be used to perform a reverse run. 
 The development of nonequilibrium thermodynamics battles with several mental 
barriers. Namely the possibility of realizing a reverse path connecting two states of the world 
is crucial in studying nonequilibrium processes. The problem is, however, that the reverse 
path is historically connected with an equilibrium process (such as the ingenious Carnot’s 
realization of a concrete reverse run). The other critical point in the history of 
thermodynamics is Clausius’ identifying the temperature of reservoirs with the temperature of 
the system itself. Then the thermal equilibrium of the system with its surrounding is a 
necessary condition. As we have seen, however, Clausius’ considerations about equivalence-
values of transformations do not concern the system itself but the surrounding reservoirs. 
Hence their temperatures appear in famous formulas like (1) or (2) (see also [10]). 
Nevertheless without a connection of these temperatures with a state of the system the 
concept of (Clausius’) entropy can be hardly defined as a state variable assigned to the 
system. The problem of defining the temperature of the system in various processes thus 
seems as crucial in formulating a consistent theory of nonequilibrium processes. The 
definition of any physical quantity is deeply related to methods of its measurement. That is 
why ``pure experimental” questions concerning measurement of temperatures in extreme 
conditions as well as the generalized approach to thermal analysis [20] could play the crucial 
role in further development of nonequilibrium thermodynamics [7,9].  
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4.  NEW THERMODYNAMIC POTENTIALS AND CLAPEYRON 
EQUATIONS FOR CONDENSED PARTLY OPEN SYSTEMS 

APPLICABLE TO NONSTOICHIOMETRIC PHASES 
 
 

Pavel Holba 
 
4.1.  Introduction 
 
4.1.1.  Biographical context 

At the end of 1960s I was inspired by the Callen´s textbook (1960 [1]) adapting Gibbs 
free energy to be a more adequate tool for describing the equilibria of solid oxides with 
gaseous surroundings. The corresponding thermodynamic potential was used in my first 
dissertation (submitted in 1971 [2]), however, it was never accepted to an oral defense 
because I was branded as „politically unreliable dissident“ due to my activities during the so 
called “1968 Prague Spring”. Subsequently, I lost my position at the Czechoslovak Academy 
of Sciences, however, at the times of Gorbachev´s „perestroika“ the Czech political situation 
was loosening consequently easing the submission of my new dissertation [3], which was 
defended in 1986.  

After the Czechoslovak „Velvet Revolution“ in the year 1990, I accepted the offer to 
return from my enforced dissenting employment back to scientific work at the Physical 
Institute of Academy of Sciences where I had worked in the past. At the beginning of the 
1990´s I prepared thermodynamic chapter for the book edited by A. Koller (published in 
1994 [4]) and an article on thermodynamics of partially open systems [5].  

At the end of 1990 I was elected a member of Council of the Prague City and 
consequently in the year 1993 I became the Deputy Mayor. In this position I helped to 
introduce information and communication technology (ICT) systems into the City Hall and 
subsequently in 1995 I was appointed the Director of Institute of Municipal Informatics 
(IMIP) dealing with digital maps of Prague [6] easing the city administration.  

At the end of 2006 my mission in the public administration was finished and I was able 
to return back to science as a free private explorer in a new era of “Information Age”.  

It is worth noting that on browsing on the Internet I found information on studies dealing 
with the problem of partly open systems far before my first attempts back in the year in 1970. 
Therefore, my present article is a continuous attempt to introduce the ideas and methods for 
exploitation of the partly open system in more generalized thermodynamics. 

  
4.1.2.  Roots of the idea of partly open system  

Inauguration of most assessments in chemical thermodynamics was established on 
theoretical bases by Josiah Willard Gibbs (1876-1878) who introduced an important concept 
of „component“, „chemical potential“, „phase“ and ingeniously declared the „phase rule“ 
[7]. It was necessary to wait another thirty years for the Lewis’ concept of „activity“ (1907) 
[8] as a more practical form of chemical strength of component and for a yet more practical 
depiction of „negative decadal logarithm of H+ activity“ suggested by Sorensen two years 
later (1909) [9] today’s known as pH quantity. All these concepts had formed a basis for 
studies of real material systems in chemistry, geochemistry, metallurgy, hydrochemistry and 
material science.  
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The choice of an adequate type of thermodynamic system is one of the tools for 
analyses and predictions of the equilibrium behavior of all material systems. However, the 
supply of categories of thermodynamic systems in textbooks on physical chemistry, as they 
were limited to the isolated  and closed systems only, were not sufficient for problems to be 
solved by science in 20th century.  

Efforts to better understanding of the genesis of rocks led Koržinskij [10] in 1936  to 
distinguish two classes of components in geochemical systems: „inert components“ whose 
amounts (masses or numbers of moles) are independent on amounts of any other component 
and on processes inside the system, and „perfectly mobile components“1, whose chemical 
potentials (or other intensive parameters) are independent factors of equilibrium.  

In 1944, another attempt to overcome the traditional limits of „closed systems“ was 
accomplished by Ellingham [11]), when he showed the relations between decomposition 
temperatures of various metal oxides in ΔG vs T plot. In 1948, Richardson & Jeffes [12] 
improved Ellingham diagrams by adding a monographic scale, which allowed to read the 
decomposition temperature of metal oxide under various types of atmosphere formed by 
gaseous mixtures (such as O2 + inert gas, CO + CO2 and/or H2 + H2O). It seems that the so 
called „Richardson diagrams“ appeared three years after the foremost publication by Darken 
& Gurry [13] dealing with equilibria of condensed Fe-O phases under the controlled gaseous 
atmosphere (captivatingly prepared by using a new gas-mixing technique).  

Quite different application, which was overcoming „closed systems“ was started 
through the work published in 1946 by Pourbaix [14], who suggested the diagrams 
consisting of the plot of redox potential (E) versus acidobasic potential (pH) to portray 
equilibria of dilute aqueous solution at room temperature. Associated applications became 
widely known in hydrochemistry probably due to books by Garrels [15] and Garrels & 
Christ [16].  

Data by Darken and Gurry [13] on equilibrium non-stoichiometry of wüstite and 
magnetite supported the efforts of other scientists to determine phase relations in the systems 
containing several metal oxides for various composition of atmosphere. A notable result in 
this direction was the significant book by Muan & Osborn [17], which presented phase 
diagrams obtained under conditions of partly open systems, e.g., under air atmosphere or in 
the contact with liquid iron.  

Apart from the Publishing Houses of the above mentioned English-written papers and 
books, Koržinskij (one of the famous Russian geologists) helped to develop the 
„physicochemical basis for analysis of mineral parageneses“ and revealed its for publication 
in 1957 [18]. According to this book, translated into English in 1959 [18], Koržinskij 
analyzed „relations between mineralogical composition and values of chemical potentials of 
components“ as early as in 1944 [19] later supplying the concept of thermodynamic 
potentials for „systems with perfectly mobile components“ (1949 [20]). The applications of 
his new potentials were rejected by geologist Nikolajev [21] but publications of Verhoogen 
[22] and Thompson [23] and also paper by Palatnik & Landau [24] supported Koržinskij in 
his ideas. In 1956 Koržinskij published „derivation of thermodynamic potentials for systems 
with mobile components“ in a more internationally available Russian journal [25].  

In 1950s the study of equilibria of oxides with atmosphere was also stimulated by the 
industry´s interest in order to produce new ceramic materials (e.g., ferrites) of required 
properties using an adequate high-temperature preparation procedure. In connection with this 
challenge a detailed research focused on ferrites [26] and non-stoichiometric oxides [27] 
proceeded in 1960´s and successively continued in the field of oxide superconductors [28] 

                                                      
1  in Russian: „вполне подвижные компоненты“ 
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ongoing from the end of 1980´s. However, in spite of so much work, which have been 
concentrated on these systems of variable composition, no application towards the partly 
open system was used in thermodynamic studies. 

It seems be obvious that no information on Koržinkij’s „systems with mobile 
components“ penetrated from the world of geologists into the world of chemists during the 
last half of century. As a positive example, the Czech textbook „Phase equilibria for 
geologists“ (1997 [29]) can be mentioned including the chapter „Phase diagrams for open 
systems“ where publications by Koržinskij are mentioned and commented on2. 
 
4.2. Category of partly open systems  
 

One of the important tasks of thermodynamics is to predict the equilibrium behavior 
(i.e., the equilibrium state) that will be achieved by system with a known initial state and 
under the exposition to certain contacts with the surroundings, whose state is known being 
invariant. Such a prediction task can be expressed by the following scheme:  

 
 

initial state 
 

of system 

 

+ 

 

 
invariable state 

 
of surroundings 

 
 
+ 

 
character of contact  
between system and 

surroundings 

 
 
→ 

 
resulting 

equilibrium 
state of system 

 
 
Thermodynamic courses starts usually with the definition of thermodynamic systems 

and classification of the systems with respect to character of contact between a given system 
and its surroundings (which are considered as inexhaustible and unsaturated reservoirs). The 
systems are named, characterized and connected with certain functions serving as criteria for 
their thermodynamic equilibrium as follows: 

 
Isolated    – adiabatic & isochoric –             S (U)  
Thermally insulated    - adiabatic & isobaric    -                 S (H) 
Closed (isochoric)  - isothermal & isochoric –      F  
Closed (isobaric)  - isothermal & isobaric   -       G 
Open     - exchanging matter with surroundings         Ω , 
 
where S, U, H, F, G, Ω  mean entropy, internal energy, enthalpy, Helmholtz free energy, 
Gibbs free energy and grand potential3, respectively. 

Matter (substance) in thermodynamics is represented by sub-substances called 
components. The closed thermodynamic system contains amounts of several components, 
each of them is constant. Number of (independent) components of system means the lowest 
number of substances which are necessary to express composition of any homogeneous 
volume part of the system, which can occur as a coexisting part of equilibrium state.  
 In reality we can observe not only the closed systems whose every component is 
isolated from the surroundings but also such systems whose one component (e.g., water) is 
exchanged with (i.e., can escape into) the surroundings but other components (as sugar or 

                                                      
2  In a very approximate translation: „... theory of inert and mobile components is not easy nor 
sufficiently investigated from the theoretical point of view. This field had been exclusively in the center of 
Russian school, whose main trends, conceptions and results was summarized by Bulach (1968 [30]).“  

3  In physically oriented thermodynamics the open structures are defined as isothermal, isochoric and iso-
dynamic systems with a grand potential  Ω = U – TS – μN = - PV (see [31] or [32] as an example). 
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salt) remains in our system un changed (e.g., during drying or baking). Let us call as partly 
open systems such systems, which contain both the free components (capable of exchanging 
between the system and its surroundings) and  conservative components, (whose amounts are 
remaining constant).  
 

Table 1. Classification of N-component thermodynamic systems 
 

System 
   

Specification 
 

Predictors = 
 

Crite-
rion 

function 

Resulting  
(equilibrium) 
parameters Initial parameters of 

  system surroundings   
Isolated 
 

N = C 

adiabatic 
isochoric 
isopletic for all N 
components i 

 
U, V, {Ni} 

 
- 

 
S 

 
T, P, {ai} 

Thermally 
insulated 
 

N = C 

adiabatic 
isobaric 
isopletic for all N 
components i 

 
H, {Ni} 

 
P 

 
S 

T, V, {ai} 

Closed 
isochoric 
 

N = C 

isothermal 
isochoric 
isopletic for all N 
components i 

 
V, {Ni,} 

 
T 

 
F 

 
S, P, {ai,} 

Closed 
isobaric 
 

N = C 

isothermal 
isobaric 
isopletic for all N 
components i 

 
{Ni} 

 
T, P 

 
G 

 
S, V, {ai } 

Partly open 
isobaric4 
 
N = C + F 

isothermal 
isobaric  
isopletic for  C  
conservative 
components c 

isodynamic for F 
free components f 

 
{Nc} 

 
 
 

 
T, P, {af}  

 
Z 

 
S, V, {ac}, {Nf} 

Open 
 

N = F 

isothermal 
isochoric 
isodynamic for all 

N components i 

 
V 

 
T,  {ai} 

 
Ω 

 
S, P, {Ni}  

 
Now it is useful to call conditions necessary of the systems’ isolation from its surroundings 
with respect to the exchanging components in analogy to pairs  

adiabatic – isothermal and isochoric – isobaric. 
The suggested pair would be  

isopletic – isodynamic 
(when plethos (πλήθος) denotes Greek amount and dynamis (δύναμεις) means power, 
strength or ability).  
                                                      
4  Besides isobaric partly open systems the isochoric partly open systems can be used for example in 
earth science. 
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Using the last mentioned terms we can introduce the classification of N-component systems, 
where two different types of components, i.e., C conservative components and F free 
components (C + F = N), can be comprehended. The N-component system with F free 
components and C equal to (N - F) conservative components can be labeled as „N-component 
system with C conservative components“ or “N-component but effectively C-component 
system”, e.g., the system of three components consisting one free component can be called 
„ternary but quasibinary system“.  

The above mentioned classification is given in Table 1 where Ni (i ∈ 1,N), Nf  (f ∈ 1,F),  
Nc (c ∈ 1,C) are mole numbers, and ai (i ∈ 1,N), af  (f ∈ 1,F), ac (c ∈ 1,C) are activities of 
components i, f and c, respectively; Symbols T, P, V are standard denomination for 
temperature, pressure and volume, respectively and Z stands for a new measure –  a criterion 
function,  which we may identify with an innovative thermodynamic potential for partly open 
system and which we may conventionally call hyperfree energy. 
 
4.3.  Hyperfree energy constructed by Legendre transformation 
 

Criterion (or better characteristic) of thermodynamic functions H, F, G were formed 
using the Legendre transformation of the internal energy U. Legendre transformations 
generally permit the replacement of an original function g of variables {xi} by different 
(transformed) function h, in which some of the original variables xi are replaced by their 
partial derivatives ∂g/∂xi = di, , customarily subtracting the product di xi from its original 
function. 
 

For example, for a function of two variables: 
 

             g = g(xl, x2)      d1= (∂g /∂x1)x2 d2 = (∂g /∂x2)x1 
 

hl = g – d1 x1  hl = hl (d1, x2)         h2 = g - d2 x2  h2 = h2(x1, d2)          (1) 
 

The partial derivatives of the internal energy U as a function of variables S, V, {Ni } are 
the resulting variables T,  P, and chemical potentials {μi } : 
 

T = (∂U/∂S)V,ni ; P = - (∂U/∂V)S,ni; μi = (∂U/∂Ni)S,V,nj≠i           (2), 
 
The chemical potential of i-th component is depending on its chemical activity ai  (R means 
molar gas constant and μi

0  is the chemical potential at the standard state of i-th component 
which is equal to the standard Gibbs free energy G0

i of a pure component i: 
 

 μi (T,P) = μ0
i
 (T,P) + RT ln ai  = G0

i(T,P) + RT ln ai            (3). 
 
 

Function Definition equation Fundamental equation (4) 

Internal energy   U U = U (S, V, {Ni})    

Enthalpy:   H = U + PV; H = H (S, P, {Ni})  

Helmholtz free energy: F = U - TS;    F = F (T, V, {Ni}) 

Gibbs free energy: G = H - TS;    G = G (T, P, {Ni}) 
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If the mole quantity of components {Ni } play the role of predictors then (in addition to  
the internal energy further three „energy functions“ can be predictably formed using the  
above shown Legendre transformation:       

Differentiating the definition equations (see the left sides of eq. 4 in the last table) and 
by substituting basic relation for the total differential of internal energy dU  

 
dU = T dS - P dV + μ1 dN1 + ... + μi dNi +...+ μN dNN    (5) 

 
following total differentials for the enthalpy and the free energies are located, i.e., 
 

dH = T dS + V dP + ∑i μi dNi       (6) 
 

dF = - S dT - p dV + ∑i μi dNi       (7) 
 

dG = - S dT + V dP + ∑i μi dNi                   (8), 
 

Consequently the following relations for partial derivatives are easy to derive: 
 

(∂H/∂Ni)S,P,Nj≠i  =  (∂F/∂Ni)T,V,Nj≠i  =  (∂G/∂Ni)T,P,Nj≠i  =  μi      (9) 
 

          (∂H/∂S)P,Ni = T ;     (∂F/∂V)T,Ni = - P            (10), (11) 
 

(∂H/∂P)S,Ni = (∂G/∂P)T,Ni = V ;            (∂F/∂T)V,Ni = (∂G/∂T)P,Ni = - S         (12), (13) 
 

[∂(H/P)/∂(1/P)]S,Ni = [∂(F/T)/∂(G/T)]P,Ni = - S             (14) 
 

[∂(G/P)/∂(1/P)]T,Ni = F ;   [∂(G/T)/∂(1/T)]P,Ni = H          (15), (16). 
 

Assuming that the internal energy U is a homogeneous (first order) function with 
respect to the other extensive thermodynamic quantities the Euler equation for internal 
energy is found in the form: 

 
U = T S – P V + μ1 N1 +...+ μi Ni +...+ μN NN                (17), 

 
and upon the differentiating of (17) and comparing it with (5) the Gibbs-Duhem equation is 
straight forwarded:  
 

 S dT - V dP + N1 dμ1 + ...+ Ni dμi + ... + NN dμN  = 0        (18). 
 

 
Similarly the Euler equation for the enthalpy H and free energies F and G undertake the 

forms: 
 

 H = T S + ∑i μi Ni                 (19) 
 

F = - P V + ∑i μi Ni                 (20) 
 

G = ∑i μi Ni                              (21), 

 
 

103



 Upon the differentiating of any of these forms and by comparing them with (17) the 
corresponding relations of (6-8) is obtained bearing the transparent similarity with the 
Gibbs-Duhem equation (18). 

In the case when mole amounts of only C components (with amounts Nc1, ...Nc, ...NC) 
from all N components play the role of predictors and amounts of other F (= N - C) 
components are adjusted by their activities (af1, ...af, ...aF) and/or their chemical potentials 
(μf1, ... μf, ... μF) in surroundings the new function (a thermodynamic potential) can be formed 
by the standard Legendre transformation as previously guarded within the new term of 
hyperfree energy:  
 

Z = G -  ∑f μf dNf ;  Z = Z (T, P, {Nc}, {μf })         (22) 
 
with its total differential  
  

dZ = - S dT + V dp  + ∑c μc dNc   -  ∑f Nf dμf              (23). 
 

The following equations are then found for partial derivatives of this hyperfree energy: 
  

(∂Z/∂nc)T,p,Nj≠c,μf = μc ;  (∂Z/∂μf)T,P,Nc,μg≠f = - nf     (24),(25). 
 

Hyperfree energy Z possesses its Euler equation in the form: 
 
 Z = ∑c μc Nc                (26) 

 
and the matching Gibbs-Duhem equation (18) follows by the differentiating (26) and by 
comparing it with (23).  

 It was proved (see Appendix B in ref. [5]) that the criterion function for equilibrium in 
partly open system is just the above derived hyperfree energy Z so that the condition of 
equilibrium in partly open system is represented by the minimum of hyperfree energy Z. 

 
4.4.  Quasimolar fractions, quasimolar quantities and common tangent 
         in quasibinary systems 

 
One of problems connected with partly open systems is the fact that their mass or molar 

amount of all components is not constant. Magnitude of system cannot be characterized by 
total mass or total number of moles of all components, so that usual molar fractions or molar 
thermodynamic quantities are not adequate for a satisfactory description of partly open 
systems.  

Magnitude of closed N-component system is usually characterized by the sum of mole 
numbers (molar amounts) of all N components Nm   

 
Nm  = ∑i Ni         (27) 

 
Using this quantity (Nm ) the mole fractions Xi  and molar quantities (as molar volume Vm, 

molar entropy Sm, molar enthalpy Hm , molar free energies Fm, and Gm) are determined: 
 

Xi = Ni/Nm;   Vm = V/Nm;   Sm = S/Nm;   Hm =  H/Nm;   Fm = F/Nm;   Gm = G/Nm     (28) 
 

The Euler equation for Gm gives then a form 
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Gm = ∑i=1 μi Xi         (29) 

 
and due to the fact (resulting from (27)) 
 

∑i=1 Xi  = ∑i=1 (Ni /Nm) = ∑i=1 (Ni /(∑i=1 Ni)) = 1;      X1 = 1 - ∑i=2 Xi   (30) 
 

the equation (29) is equivalent to 
 

  Gm = μ1 + ∑i=2 (μi – μ1) Xi             (31) 
 

Considering a two-phase field (α + β) in phase diagram of closed (isothermal-isobaric) 
binary system of components A and B (system A-B) the boundaries of this two-phase field 
can be calculated using the rule of common tangent. Explicitly, the points limiting boundaries 
of two-phase region are the points where common tangent touches the two curves expressing 
molar Gibbs energies as functions of molar fraction XB (at given temperature T) for phases α 
(Gm

α = f (XB)) and β (Gm
β = f (XB)) as it is shown in Fig. 1.  

 

               
 

Fig.  1. Common tangent in binary system A-B. Common tangent passed through tangent points tα 
and tβ whose XB coordinates (molar fractions XB

α and XB
β) determined the boundaries of 

two-phase (α + β) region. 
 

The rule of common tangent for two-phase region of binary closed system A-B is 
derived from two conditions of equilibrium coexistence of phase α and phase β: 

 
μA

α = μA
β  (≡ μA

*) ;   μB
α = μB

β  (≡ μB
*)      (32), 

 
where μA

α , μA
β are chemical potentials of component A and μB

α , μB
β  chemical potentials of 

component B in phases α and β. If molar Gibbs energies of  the phases are denoted by Gm
α 

and Gm
β, and molar fractions by XB

α, XA
α, XB

β, XA
β and the relation (30) is applicable when 

applying (31).  The following equations and their difference are obtained 
 

Gm
α  =  μA

* +  XB
α (μB

*- μA
*)           (33) 
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Gm
β   =  μA

* +  XB
β (μB

*- μA
*)           (34) 

 
(Gm

β - Gm
α) = (XB

β - XB
α) (μB

*- μA
*)            (35) 

 
and upon the partial differentiating (33), (34) and by modification of (35) the equations 
expressing the rule of common tangent are achieved: 
 

  (∂Gm
α/∂XB

α) = (∂Gm
β/∂XB

β) = (Gm
β - Gm

α)/(XB
β - XB

α) [= (μB
*- μA

*)]               (36). 
 
For partly open system the sum of amount of all components (Nm) is changed and only 

sum of all conservative components Nq is constant, i.e.: 
 

Nq = ∑c Nc         (37) 
 
Instead of molar quantities the quasimolar fractions Yi and quasimolar volume Vq, entropy Sq, 
enthalpy Hq, Gibbs free energy Gq (as well as quasimolar hyperfree energy Zq ) are 
accessible: 

 
Yi = Ni /Nq;   Vq = V/Nq;  Sq = S/Nq;  Hq =  H/Nq;  Gq = G/Nq ; Zq = Z/Nq   (38). 

  
The Euler equation for Zq gives then a form 

 
Zq = ∑c=c1 μc Yc        (39) 

 
and due to the fact (resulting from (37)) 
 

∑c=c1 Yi  = ∑c=c1 (Nc /Nq) = ∑c=c1 (Nc /(∑c=c1 Nc)) = 1;     Yc1 = 1 - ∑c=c2 Yc      (40) 
 

the equation (39) is equivalent to 
 

  Zq = μc1 + ∑c=c2 (μc – μc1) Yc             (41). 
 

The boundary of two-phase field (α + β) in phase diagram of partly open ternary but 
quasibinary system of two conservative components A and B and one free component C 
(system A-B-(C)) is calculated per analogism using the rule of common tangent to curves of  
quasimolar hyperfree energies expressed as functions of the quasimolar fraction YB (at given 
temperature T and at given activity of free component C (aC) for phases α (Zq

α = f (YB)) and β 
(Zq

β = f (YB)) as it is shown in Fig. 2. The rule of common tangent for two phase region of the 
ternary but quasibinary partly open system A-B-(C) is derived from two conditions of 
equilibrium coexistence of phase α and phase β: 

 
μA

α = μA
β  (≡ μA

*) ;  μB
α = μB

β  (≡ μB
*)        (42),  

 
and equations expressing the conditions of common tangent could be derived by procedure 
analogical to (53)-(56) in the form: 
 

(∂Zq
α/∂YB

α) = (∂Zq
β/∂YB

β) = (Zq
β - Zq

α)/(YB
β - YB

α) [= (μB
*- μA

*)]               (43). 
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Fig.  2. Common tangent in quasibinary system A-B-(C). Common tangent passed through tangent 

points tα and tβ whose YB coordinates (molar fractions YB
α and YB

β) determined the 
boundaries of two-phase (α + β) region. 

 
Application is shown in the part 4.6. of this article (see Fig. 3).  

 
4.5.  Clapeyron equations for quasiunary partly open systems  
 

The Clapeyron equation can be derived from one of rules for partial derivations valid for 
implicit function F = F (x, y, z) = const 

 
(∂y/∂x)F,z = - (∂F/∂x)y,z/(∂F/∂y)x,z      (44). 

 
      Classical form of Clapeyron equation could be derived from (44) using ΔtG (integral 
change of Gibbs energy at transition) instead of F, and T, P (temperature, presssure) instead 
of  x, y. 

The free energy G of a closed system at the equilibrium corresponding to coexistence of 
an initial phase α with an adequate final phase β during a first-order transition could be 
constructed from the free energies Gα, Gβ of both phases weighted by the degree of phase 
conversion ξ 
 

G = (1- ξ) Gα + ξ Gβ       (45).  
  

Condition of equilibrium at phase transition (index t) in a closed system requires  
  

∂G/∂ξ  ≡ ΔtG = Gβ - Gα = 0     (46)  
 
where ΔtG (T, P) = const means the integral change of free energy at the transition α → β, 
whose relation to temperature T and pressure P  is given by 
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ΔtG = ΔtU + P ΔtV - T ΔtS         (47), 
    

ΔtG = ΔtH - T ΔtS = 0  ⇒      ΔtS = ΔtH /Tt   (48)  
 

where ΔtH , ΔtS , ΔtU, ΔtV are the integral change of enthalpy, entropy, internal energy and 
volume (corresponding the transition), respectively. 
 

Applying (44) to ΔtG (T, P) as F(x,y,z) and T, P as x, y  the following equation is found 
 

(∂P/∂T)ΔtG = - (∂ΔtG/∂T)P / (∂ΔtG/∂P)T     (49) 
 

and using (47) and (48) the Clapeyron equation is recovered: 
 

 (∂P/∂T)ΔtG = ΔtS/ΔtV = (ΔtH/Tt)/ΔtV = ΔtHm/(Tt ΔtVm)  (50), 
 

where ΔtHm = ΔtH/Nm and ΔtVm = ΔtV/Nm are molar integral change of enthalpy and volume, 
respectively. 

Similar procedure can be used for a transition in a partly open system with one 
conservative (c-th) and two free (f-th and g-th) components and its hyperfree energy Z is then 
constructed from the fractional hyperfree energies Zα (of initial phase α) and Zβ (of final 
phase β) at advancement (degree of conversion) ξ    
 

Z = (1- ξ) Zα + ξ Zβ         (51) 
 

From equilibrium condition the integral hyperfree energy change ΔtZ can be found to equal 
zero, i.e.,  
 

∂Z/∂ξ  ≡ ΔtZ = Zβ - Zα = 0       (52), 
 
where ΔtZ (T, P, μf, μg) = const means integral change of hyperfree energy at the transition α 
→ β, which the relation to temperature T, pressure P and chemical potentials  μf, μg is given 
by 
 

ΔtZ = ΔtG  – ΔtNf μf  – ΔtNg μg  = 0      (53). 
 
It should be noted, then for system of one conservative component the total molar amount of 
all conservative components Nq is identical to the molar amount of the c-th component Nc. 

 At this point some problem arises because we are usually unable to adjust chemical 
potentials but we can do tuning for activities of free components. Thus we have to substitute 
(3) with the standard Gibbs free energy of free components G0

i 

 
ΔtZ = [ΔtG  – ΔtNf G0

f – ΔtNg G0
g] – RTt (ΔtNf ln af  + ΔtNg ln ag)  = 0  (54). 

 
Three member of the right side (in squared brackets) have the meaning of an integral 

change of Gibbs free energy of the decomposition (d) under study  
 
  α   →  β  +  ΔtNf  f(G) + ΔtNg g(G) , 
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where  f(G) and g(G) denotes free components f and g in gaseous state (G). The integral 
change of Gibbs energy at the mentioned decomposition (index d) can be introduced as a 
new quantity ΔdG  
 

 ΔdG ≡ ΔtG  – ΔtNf G0
f  – ΔtNg G0

g        (55), 
  
and its dependences on temperature and pressure are expressed by relations 
 

ΔdG = ΔdH – T ΔdS  = ΔdU + P ΔdV – T ΔdS      (56), 
 
where integral quantities ΔdH, ΔdS, ΔdV are defined as  
 

 ΔdH = ΔtH - ΔtNf .H0
f  - ΔtNg.H0

g      (57) 
 

ΔdS = ΔtS - ΔtNf.S0
f  - ΔtNg.S0

g      (58) 
   

ΔdV = ΔtV - ΔtNf.V0
f  - ΔtNg.V0

g      (59). 
 

The equation (54) can be then written as 
 

ΔtZ = ΔdG – RTt (ΔtNf ln af  + ΔtNg ln ag)  = ΔdH – Tt (ΔdS + ΔtNf ln af  + ΔtNg ln ag ) = 0 
 
so that 

 ΔdH /Tt =  ΔdS + ΔtNf ln af  + ΔtNg ln ag     (60). 
 

Using these quantities the partial derivatives of Ztr  can be written in the following form 
 

(∂ΔtZ/∂T) = - ΔdS – R(ΔtNf ln af + ΔtNg.ln ag) = - ΔdH /Tt    (61), 
 

(∂ΔtZ/∂P) =  ΔdV – RTt(ΔtNf ∂ln af/∂P + ΔtNg.∂ln ag/∂P)       (62), 
  

(∂ΔtZ/∂ ln af) = - RTt ΔtNf
       (63), 

 
(∂ΔtZ/∂ ln ag) = - RTt ΔtNg

       (64), 
 
and the ensuing Clapeyron equation is furnished by 
 

(∂P/∂T) = (ΔdH/Tt )/(ΔdV + RTt.( ΔtNf (∂ln af/∂P) + ΔtNg.(∂ln ag/∂P))           (65). 
 

If the surrounding atmosphere is considered to be an ideal mixture of ideal gases 
(containing free components as gases f and g in a mixture with molar fractions Xf

G  Xg
G ) 

then partial pressures pf  and pg of the gases in atmosphere with pressure P are given by: 
 

  pf  = Xf
G P ;  pg = Xg

G P      (66), 
 

and if the standard molar volume of the gaseous free components is expressed by relation 
(with P0 as reference pressure) 
 

  V0
f = V0

g = RT/P0       (67), 
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then for activities of free components we can write 
 

ai = Xi
G(P/P0)  ⇒  ln ai = ln Xi

G + ln (P/P0)  ⇒       ∂ln ai/∂P = 1/Pt  (68) 
 

and the Clapeyron equation for dP/dT undertake the following form (using (57) and (59)) 
 

∂P/∂T = (ΔdH/Tt)/(ΔdV - RTt (1/P0-1/Pt))(ΔtNf + ΔtNg))       (69). 
 
A more simple form can be found for the Clapeyron equation (d ln af /d ln ag) as follows:  
 

(∂ ln af/∂ ln ag)ΔtZ,T,P = -(-RTt ΔNg
tr)/(- RTt ΔNf

tr) = - ΔtNg/ΔtNf = - ΔtYg/ΔtYf   (70). 
 

and the entire form for the alternative (d ln af /dT) is then 
 

     (∂ ln af/∂T)ΔtZ,P,ag = - (ΔdH/Tt)/ (RTt ΔtNf)                (71). 
 

If new quantities Ξ and ΔtΞ are introduced by formulas  
 

Ξ ≡ Z/T   and  ΔtΞ ≡ ΔtZ/T       (72) 
 
a more simple relation between the activity of free component and temperature can be 
obtained from the relation 

(∂ΔtΞ /∂(1/T)) = (∂(ΔdG/T)/ ∂(1/T)) =  ΔdH     (73) 

 together with 
  (∂ΔtΞ /∂ ln af) = - R ΔtNf      (74). 

 
The resulting Clapeyron equation comprise the form 
 

  (∂ ln af/∂(1/T)) = (ΔdH/R)/ΔtNf     (75) 
 

and/or  
(∂ ln af/∂(1/T)) = (ΔdHq/R)/ΔtYf     (76) 

 
where 
 

ΔdHq
 = ΔdH /Nq = ΔdH /Nc      and      ΔtYf = ΔtNf /Nq = ΔtNf  /Nc         (77). 

 
4.6.  Applications and illustrations 
 
      In the recent lecture [33] were introduced some applications of the thermodynamic 
potentials and Clapeyron equations derived above. Three examples of such applications are 
used  for illustration in the following paragraphs. 
 
4.6.1 The equation of common tangent (43) could be applied to T - yMn  (yMn is weight 

fraction of Mn3O4 in initial mixture of Mn3O4 and Fe3O4) diagram of the ternary but 
quasibinary system Fe-Mn-(O) or FeOx-MnOz in air (aO2 = 0,21) published in [17]. 

 

 
 

110



 
 

Fig. 3: Diagram of quasibinary system FeOX-MnOz or Fe-Mn-(O) in air atmosphere and its 
correspondence to quasimolar hyperfree energy dependences on quasimolar fraction Zq = 
Zq(yMn). The symbols Hem, Spl, Hau, Bix mean mixed phases of Hematite (Fe2-xMnxO3), 
Spinel (MnxFe3-xO4+�), Hausmannite (Mn3-x FexO4) and Bixbyite (Mn2-xFexO3) phases. 

 

4.6.2 The Clapeyron equation (76) could be applied to the 1/T vs log aO2 plot (Fig. 5) 
corresponding to the T-XO phase diagram of Fe-O system (Fig. 4) published by 
Darken Gurry [13] 
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Fig. 4. Phase relations in binary system Fe-O found by Darken & Gurry [17] plotted 
in T-XO diagram 

 
log aO2 → 

Fig. 5. . Phase relations in binary system Fe-O found by Darken & Gurry [17] plotted 
in 1/T- log aO2 diagram (as quasiunary system Fe - (O))  

 

4.6.3 The Clapeyron equation (70) could be illustrated by phase relations in ternary system   
Fe–S–O plotted in log aS – log aO2 diagram (as quasiunary system Fe–(O–S))  
according to book of Koržinskij [18] as shown in Figure 6. 
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Fig.  6: Phase relations in ternary system Fe-S-O plotted in log aS – log aO  diagram        (as 

quasiunary Fe-(S-O) system) according to Koržinskij [18]. 
 

4.6.4 Applications on Systems of Oxide Superconductors 
 
Thermodynamics of partly open system can be applied to oxide systems exhibiting high 
temperature superconductivity [34-38] e.g. Y-Ba-Cu-O [35,36], Bi-Sr-Ca-Cu-O, Tl-Ba-Ca-
Cu-O and Hg-Ba-Ca-Cu-O [34,38] as it is shown in the following figures. 

 
 

Fig.  7: Primary crystallization fields (PCF) in system Y-Ba-Cu-O under air atmosphere according 
to [35] 
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Fig.  8: Phase relations in system Hg-Ba-Ca-Cu-O for section Ba:Ca:Cu = 2:2:3 at 500°C plotted 
in diagram log a(Hg) vs. log a(O2) according to [34]: 

     hb2ac2 =HgBa2CaCu2O6 (superconductive phase), b2c=Ba2CuO3.1, bc2 =BaCu2O2,a=CaO, 
bc=BaCuO2, a2c=Ca2CuO3,c=CuO, a5c6=Ca0.83CuO1.83, ha=HgCaO2, hb=HgBaO2, 
b2c3=Ba2Cu3O6-x, b=BaO2 
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5. THE PHASES BETWEEN SOLID AND LIQUID,               
CHARACTERIZED BY THERMAL ANALYSIS 

 
 

Bernhard  Wunderlich 
 
5.1. Introduction:  solids, liquids and their transitions 
 

The dictionary definitions of the words ‘solid’ and ‘liquid’ are long established.  Meriam-
Webster’s Collegiate Dictionary (1) traces the meaning of the noun “solid” to the 15th century and 
suggests that a solid is “a substance that does not flow perceptibly under moderate stress, has a 
definite capacity for resisting forces (as compression or tension) which tend to deform it, and under 
ordinary conditions retains a definite size and shape.”  A liquid, in turn, “is a fluid (as water) that has 
no independent shape but has a definite volume and does not expand indefinitely and that is only 
slightly compressible.”  For common use, these definitions are sufficient, but phrases in the 
definition of the solid such as ‘does not flow perceptibly,’ ‘moderate stress,’ ‘definite capacity,’ and 
‘ordinary conditions,’ and, of the liquid such as ‘indefinitely’ and ‘slightly’ are imprecise as long as 
one does not set specific limits.  To improve on these definitions, one might want to use operational 
definitions, as suggested by Bridgman (2), i.e., look for quantitative experiments (operations) which 
can answer the question whether a given substance is a solid or a liquid.  The chosen experiment 
should provide a simple yes or no result. 

 

 
 
Fig.  1:  Today’s ten phases of matter, their states and transitions, characteristics by their transitions and 
molecular motion (3).  First suggested in (4) and detailed in (5) and (6). 
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In antiquity, Empedocles (490–430 BC) suggested a well-known cosmogenic theory based on 
two pairs of qualities ‘hot and cold’ and ‘wet and dry.’  These qualities were thought to be able to 
combine with a ‘primeval matter’ to account for the four basic ‘roots’ of all structures of the world:  
‘Solids’ (earth = dry & cold), ‘Liquids’ (water = wet & cold), and ‘Gaseous’ (air = wet & hot).  
These three roots or elements represent the three classical phases.  ‘Fire’ (= hot & dry) was proposed 
to be a fourth root.  Today we know that the nature of fire is different from the three phases.  It is not 
linked to matter alone, but characterized by molecular motion described by temperature and energy 
(3).  For the three classical phases, not much has changed in the last 2,500 years.  Their number, 
however, has been expanded to 10, as shown in Figure 1 (4–6) to account for discoveries made in the 
last 200 years. 

The dictionary meaning of the word transition is a “passage from one state, stage, subject, or 
place to another” (1).  In the present Chapter, the two transitions listed in Figure 1 will be discussed, 
namely, the glass and first order transitions.  Going from the bottom phase in Figure 1 upward to the 
crystal, the phases are listed as “increasingly solid,” and the transitions governing the changes to 
solids are the glass transitions.  This makes it reasonable to choose the measurement of the glass 
transition temperature, Tg, as the operation to define a solid.  Below its glass transition temperature, 
a phase is a solid (one of the upper five phases), above, it is the fluid phase (one of the five lower 
phases).  The nature of the phases, its glass transitions and additional details about gases, crystals, 
and the ‘first-order transitions’ are to be given in this Chapter with reference to Figure 1.   

 
5. 2.  Phases  
 

First, the term ‘phase,’ already mentioned in the Introduction, needs some clarification.  For 
this, one does not have to go back to the dictionary definition [“a homogeneous, physically distinct, 
and mechanically separable portion of matter present in a nonhomogeneous physicochemical system” 
(1)].  The International Union of Pure and Applied Chemistry, IUPAC, has provided a binding 
scientific definition (7).  A phase is to be “an entity of a material system which is uniform in 
chemical composition and physical state.”  A phase defined such, must be sufficiently large so that 
the inhomogeneity due to the size of its constituent atoms is insignificant.  Since atoms are smaller in 
diameter than one nanometer and the smallest phase that can be seen with the unaided eye is bigger 
than 0.01 mm (= 10 μm = 10,000 nm), the homogeneity is not endangered by the molecular structure 
when working with ‘visible phases.’  To distinguish these from smaller phases, to be discussed next, 
they will be called ‘macrophases.’  The thermal properties of the macrophases are to be represented 
by the well-established thermodynamics, developed more than 100 years ago (8). 

It already was recognized by early thermodynamicists that small phases have different 
properties than larger ones.  It was proposed t in Gibbs’ “theory of capillarity (8)” that the “influence 
of surfaces of discontinuity upon the equilibrium of heterogeneous masses” must be considered  Two 
observations can be clarified by considering the effect of surfaces.  One is the existence of ‘colloidal 
particles’ with typical sizes of less than one micrometer.  Today, phases of this size are called 
‘microphases.’  Colloidal particles or droplets are kept in metastable dispersion by their surface 
charge, which prohibits coagulation to a more stable, larger phase.  The other observation is a change 
in the overall thermodynamic quantities due to the surface free energy.  One can use the Gibbs-
Thomson equation (9–11) to calculate, for example, the lowering of the melting temperature, ΔTm, 
for known, small volumes, V, or in turn, to calculate the surface free energy from the measured ΔTm: 
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 ΔTm  =  (σTm
oA) / (Δhf ρV) ,       (1) 

 
where σ is the specific surface free energy; Tm

o, the bulk equilibrium melting temperature; A, the 
surface area; Δhf , the specific heat of fusion (per gram); and ρ, the mass density of the crystal.  
Equation (1) can easily be expanded for the case of more than one specific surface free energy. 
The lowering of the melting temperature due to microphase formation is of particular importance for 
the understanding of semicrystalline macromolecules (3).  For a 10 nm thick, laterally large, chain-
folded lamella of a polyethylene crystal, for example, ΔTm is 26 K (4).  In this case, only the two fold 
surfaces of the lamella contribute significantly to the surface free energy.  Clearly, when increasing 
the lamellar thickness (= V/A) beyond that of the microphase dimension, let us say to 10 μm, the 
lowering of the melting temperature, ΔTm, decreases to a negligible 0.026 K.  Such phase is then a 
‘macrophase,’ practically unaffected in its thermal properties by the presence of the surface. 

In the last 20 years, it became customary to use the term ‘nanophase’ (12,13) for phases 
which approach a nanometer scale.  For a long time, the development of this terminology was not 
given an operational definition (14).  Feynman when he speculated about ‘very small phases,’ 
suggested in 1959 already that “on a small scale we will get an enormously greater range of possible 
properties that substances can have” (15).  This suggestion will be used next for an operational 
definition. 

In the field of flexible macromolecules (polymers), it is obvious that rather small, disordered 
entities existed which are larger than typical crystal defects and smaller than microphases.  These 
defects were initially called ‘amorphous defects’ (4).  Ultimately, it became clear, that these 
amorphous defects behave like very small phases with different properties than the bulk-amorphous 
microphases.  On hand of many literature examples on phase separation of small and large 
molecules, an operational definition was suggested which can distinguish nanophases from 
microphases on the basis of its properties (16):  “In nanophases, the opposing surfaces of a phase 
area are sufficiently close to interact.”  While the microphase is described as a phase with a 
sufficiently large surface area to cause changes in the overall properties, it is still a bulk phase, 
enveloped by a distinct surface layer.  Only the surface has different properties from the bulk it 
encloses, such as mass density, order, force-field, etc.  The nanophase, in contrast, with its contacting 
surfaces, has no remaining bulk phase.  In addition, the differences of the surface properties from the 
bulk are known to change gradually with distance from the surface.  In nanophases, thus, one expects 
a continuous change of the properties from the outside to the center without reaching the plateau of 
the macrophase.  The operation to distinguish a nanophase from a microphase, thus, must involve the 
detection of the bulk phase in its center.  An experiment most suited, is the measurement of the glass 
transition, since the glass transition of a phase is characterized by the properties of a ‘hole’ of only 
about 1–2 nm in diameter, including its defining layers of matter. 

Nanometer-sized structures were suggested in 1963 to account for certain defects in 
semicrystalline fibers (17).  This structure was similar to the amorphous defect proposed at the same 
time (4,18) and was later shown to be a nanophase, as mentioned above.  In such nanophases the 
macromolecules can cross the phase boundary multiple times.  The crystalline phases in 
semicrystalline polymers are usually sufficiently large to be classified as microphases, resulting in a 
globally metastable aggregate of two or more types of the phases depicted in Figure 1.  Similarly 
amphiphilic crystals, of small, flexible molecules, are synthesized out of two incompatible, 
chemically different segments can be considered as being nanophases,.  A crystal structure of 
alternating aliphatic and aromatic layers, for example, was found for 4-n-octyloxybenzoic acid (19).  
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A number of such amphiphilic crystals undergo separate solid-liquid phase transitions at different 
temperatures in the different layers (5,6). 

To characterize a material one must know which of the phases listed in Figure 1 are present 
and then specify their sizes and interconnection.  In addition, the ‘class of the molecules’ must be 
given.  After the last class of molecules, the flexible, linear macromolecules, had been recognized by 
Staudinger (20), it became obvious, that there are three distinct classes of molecules, ‘small 
molecules,’ ‘flexible macromolecules,’ and ‘rigid macromolecules’ (4, Vol. 3 pgs. 4–5).  This new 
classification scheme is closely connected to the phase properties (21).  Rigid macromolecules can 
only exist as solids.  On liquefaction or evaporation, the strong bonds defining the molecules are 
broken, destroying the integrity of the molecule.  Flexible macromolecules can be disordered without 
losing their integrity, so that for many, liquid as well as solid states are possible (but not the gaseous 
state).  Small molecules under proper conditions may exist in all three states, solid, liquid, and 
gaseous.  Examples of the three classes of molecules are found in the historically defined inorganic, 
organic, and biological molecules which show no unique characteristics and do not make a good 
classification. 

For an overall description of samples, one can then identify three classes of molecules, three 
phase sizes, and ten phase types.  Gases, however, must be of small molecules, and because of the 
lack of self-sustaining surfaces cannot be microphases or nanophases.  Rigid macromolecules may 
not become liquids or mesophases.  Finally, mesophases may be coupled to specific molecule types.  
This leaves 57 different possible condensed states in addition to the gas (16). 
 
5. 3.  Measurements of thermal properties 
 

With the description and classification of the molecule and phases, one can return to Figure 1 
and consider the measurements that lead to the properties listed on the sides of the schematic.  On the 
left, the changes are indicated when going from the dilute and mobile gas at the bottom, through 
increasingly more solid condensed phases, to the solids.  The thermal property of interest is the 
change in heat capacity when becoming a solid at Tg, ΔCp (at constant pressure, p, and composition, 
n).  The heat capacity Cp is equal to (∂H/∂T)p,n, where H is the enthalpy (= U + pV, the internal 
energy, U, plus the product of pressure and volume, V).  Its change is equal to the ‘heat’ gained or 
lost by the system (7). 
 On the right of Figure 1, the various thermal transitions are indicated which have a more 
abrupt change in molecular order.  These changes are usually related to thermodynamic first-order 
transitions.  The change in order is assessed by the change in entropy, ΔS (= L/T), to be calculated for 
equilibrium transitions from the heat of transition or latent heat, L (7). 

To understand the experimental basis of Figure 1, calorimetry, as the tool to measure heat 
will be considered in this Section and an interpretation in terms of molecular structure and motion 
will be given thereafter.  Today it is well known, that ‘heat’ is a form of energy exchanged between 
systems (7) and has its microscopic origin in molecular motion (3).  The measurement of unknown 
heat effects always involves its comparison to known effects.  The SI unit for energy, work, and heat 
is the joule (kg m2 s-2) (22).  The most common calorimeters are the adiabatic calorimeter, 
differential scanning calorimeter (DSC), the temperature-modulated differential scanning calorimeter 
(TMDSC) and the quasi-isothermal, non-scanning version of TMDSC, the TMDC.  Classical, 
adiabatic calorimetry was developed in the early 20th century to sufficient precision.  It allows  to 

121



start measurements at temperatures close to 0 K (23).  The total H is accessible by measuring heat 
exchanges over the whole temperature range.  Increasingly more automated calorimeters have been 
developed over the years (24–26) [see also (3)]. 

 

 
 
Fig.  2:  Differential calorimeter of type TA Instruments Q1000.  (A)  Graph of the change of sample and 
body temperatures, Ts and Tb, during a heating scan.  (B)  The measuring principle.  The calorimeter 
assembly is placed in a temperature-controlled enclosure, filled with slow-flowing N2 gas free of 
turbulence, also kept at Tb.  (C)  The TMDSC equation, for Cp (expressed by sample mass, m, in g, and 
specific heat capacity, cp, in J K-1 g-1) from the measured amplitudes (A in K) of Ts and Δ (= Tr - Ts), the 
angular modulation frequency (ω in rad s-1), and the two calibration constants (K and τ). 
 

Quantitative DSC and modulated calorimetry developed only in the second half of the 20th 
century.  In the meantime, these more convenient techniques also have reached considerable 
precision.  An example of a calorimeter capable to perform standard DSC as well as TMDSC and 
TMDC is shown in Figure 2.  The roots of DSC are the qualitative cooling and heating curves of the 
18th century (3).  When inserting a sample into a bath of constant temperature, To, Newton’s law 
allows to describe its measured temperature T(t), as a function of time, t.  The value of T(t) 
exponentially approaches To:   
 

 dT/dt  =  K(To - T) .      (2) 
 
Over small temperature ranges, K is constant and accounts for the nature, geometry, heat capacities, 
and thermal conductivities of sample and container.     

The calorimeter in Figure 2B can perform the modern version of such ‘Newton’s Law’ 
measurement and then permits the extraction of the changes in H as a function of temperature.  The 
key to quantitative DSC is proper calibration and comparison to a standard of known Cp, often 
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sapphire (single-crystalline Al2O3).  The function of the constant-temperature bath is taken over by 
the constantan body of temperature Tb, changing linearly with temperature at the rate q  =  dTb/dt.  
Figure 2A illustrates that about 60 s into the measurement, steady state is reached, i.e., thereafter ΔT 
changes only slowly as Cp changes with temperature.  The thin cylindrical walls leading to the 
sample platform cause the major temperature lag of the sample temperature, Ts.  As indicated in the 
figure, the sample (of typically 1–20 mg) is enclosed in a sample pan (of high thermal conductivity, 
usually Al or Au).  This configuration is to keep the temperature gradient within the sample pan 
small (perhaps <0.5 K) to stay within the error limit.  The asymmetry of the platforms must be 
established by calibration.  Experience has taught that extra time spent on calibrations and checking 
the constancy of the calorimeter, repays with increased precision.  The heat capacity of sample and 
pan, C (at Ts or time t) can then be extracted from the top equation in Figure 2A.  By performing 
DSC, i.e., also measuring the reference temperature, Tr, the sample Cp (= mcp) can be obtained: 
 

 ΔT  =  Tr - Ts   =  q m cp/K ,     (3) 
 
were m is the sample mass and cp the specific heat capacity of the sample in J/(K g). 

The Newton’s law constant K needs a second calibration, namely the conversion of the 
measured quantities (ΔT/q, in s) into Cp in units J/K.  This is done by performing a third run on a 
reference material of known Cp.  This should be done under identical conditions and with a similar 
magnitude of ΔT as the sample run.  Careful handling of the calorimeter and samples, carrying out 
the measurement and two calibrations, equalizing the pan weights, etc., are the main issues for a 
quantitative DSC (3).  Unfortunately, qualitative runs, of value only for preliminary information, still 
find their way into the literature.  Under optimum conditions, accuracies should be ±1.0% or better.  
Data can easily be obtained from 100 K using liquid N2 as a coolant to temperatures above 1,000 K. 

Standard DSC has been expanded in the last 15 years by temperature modulation to TMDSC. 
 Figure 2B shows that no new hardware is needed.  The linear increase of Tb is now modulated with a 
periodic change (commonly between 0.1–5.0 K) and a fixed period (usually between 10 and 500 s).  
The heating rate becomes an ‘underlying heating rate,’ <q>.  In case the response of the calorimeter 
to the modulation is strictly linear, a sliding average over the time of one modulation period yields 
the underlying quantities, indicated by the angular brackets, < >.  The TMDSC values of <q>, <Tr>, 
and <Ts> correspond to the standard DSC values of q, Tr, and Ts.  The dotted curve in Figure 2A 
indicates that the steady state of TMDSC is reached after two minutes, later than for standard DSC. 

By subtraction of <T> from the instantaneous, modulated value of T, one can extract the 
effect of modulation as a function of temperature (or time), usually being called the ‘reversing 
temperature.’  Its analysis is done using a pseudo-iothermal method since the underlying changes 
have been removed (27,28).  The result is the reversing heat capacity C indicated by the bottom 
equation of Figure 2A.  Changing, as before, to a differential measurement with ΔT  =  Tr - Ts , the 
TMDSC equation results: 
 

 mcp  =  [AΔ / (ATsω)] K ,     (4) 
 
where ω is the angular modulation frequency (in rad s-1).  If steady state and linearity are preserved 
and the heat capacities computed from eqs. (3) and (4) are identical, Cp is reversible.  Complications 
arise in the transition regions, to be discussed below.  In the latter cases, the response is often 
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nonlinear.  As long as reversibility is not proven, the heat capacity by TMDSC must be called 
reversing.  The basic calibrations of TMDSC remain similar to that of the standard DSC, but gets 
more involved since the amplitude responses are identical for positive and negative deviations, an 
effect which can be assessed by considering the phase shift of the response (3,29). 
 In order to correct for the frequency-dependence of K, an additional calibration constant τ is 
introduced in Figure 2C (28,30).  Figure 3 illustrates its evaluation.   
 

 
 
Fig.  3:  Comparison of DSC and TMDSC data (39).  The equations at the top correspond (1) to the 
standard DSC analysis, (2) to the TMDSC analysis with K = K', and (3) fitted to a constant τ, as suggested 
in Figure 2C.  For periods less than 10 s, τ changes with frequency and mass, can, however, still be 
calibrated by evaluating its change with ω (31). 
 

In Figure 3A, a comparison of heat capacity by DSC and TMDSC is shown.  In DSC, the 
measurement was made at constant q at the end of the indicated time period and cp calculated with 
eq. (1) of Figure 3.  The reversing cp by TMDSC at the indicated amplitudes of modulation was 
calculated with eq. (2) of Figure 3.  As expected from Figure 2A, the standard DSC reaches steady 
state faster than the TMDSC.  In Figure 3B, the TMDSC data for a 2.0 K modulation are plotted, as 
in Figure 3A.  In addition, the correction as given by eq. (3) in Figure 3 is marked by the filled 
squares.  Periods as short as 10 s can generate acceptable data when properly corrected.  But even at 
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much shorter periods, quantitative information can be gained by calibration of τ as a function of not 
only sample mass, but also frequency (31).  It is important, that all three runs must be independently 
corrected for frequency.     

The TMDSC can further be varied by coupling different underlying heating rates with the 
modulation, or by modulating simultaneously with multiple, superimposed frequencies and 
amplitudes.  Of importance are the modes that never go beyond prior reached maximum or minimum 
temperatures.  This avoids reversals of phase changes.  The quasi-isothermal mode, TMDC, is 
carried out at an underlying constant temperature, i.e., the measurement is performed by modulation 
only (<q> = 0) without scanning.  The TMDC results are derived by similar procedures, as derived in 
Figures 2 and 3 (28) and can be extended to very long times to analyze the kinetics of slow changes.  
In TMDSC with multiple frequencies, the response can be separated by Fourier analysis.  Methods 
have involved superimposed sinusoidal frequencies, as well as simple wave functions with multiple 
components, such as saw-tooth modulation, or various step functions (3,29). 
 
5. 4.  Interpretation of the heat capacity of solids 
 

In this Section, an attempt will be made to link the macroscopically measured heat capacity 
with its microscopic, molecular origin.  The first success in this endeavor was Einstein’s discussion 
of the possible vibrations in crystalline metals and salts (32).  It was shown that the vibrations of 
each atom or ion are determined by the force field of its 6–12 symmetrically placed neighbors.  It 
was proposed then to approximate the force field with spherical symmetry, giving each vibration in 
the solid the same frequency, the Einstein frequency.  Calorimetry revealed that this approximation 
was valid only at intermediate temperatures and even then only for solids of the highest symmetry.  
The problem was resolved by replacing the single Einstein function (33) by a three-dimensional 
Debye distribution (34,35), derived from a macroscopic description of acoustic vibrations, extended 
to higher frequencies until the maximum number of degrees of freedom of an atomic assembly (7) 
was accounted for.  This treatment described the heat capacities of many metals and salts over wide 
temperature ranges by specifying only the end-frequency of the spectrum, v(Debye), the Debye 
temperature Θ3 [= hv(Debye)/k, in kelvin (h = Planck’s constant, k = Boltzmann’s constant, 1Hz _ 4.8 
10-11 K)].  An extensive discussion with data comparisons is available in (36).   

Solid linear macromolecules, however, do not fit such an analysis.  Strong deviations occur, 
starting at rather low temperatures.  For polyethylene, for example, only the crystalline solids yield 
the expected increase of heat capacity at low temperature with T3, and even this, only up to about 10 
K!  Figure 4 illustrates a frequency spectrum for polyethylene, suitable to understand IR and Raman 
spectra (37).  This spectrum fits Cp at higher temperatures, but not at low temperatures. 

Empirical equations for the approximation of low-temperature heat capacities for linear and 
two-dimensional macromolecules were suggested by Tarasov (38) and are shown in Figure 5A.  
They were based on a three-dimensional Debye function for the lowest-frequencies (35), starting 
with the acoustical vibrations.  This is followed by a two-dimensional and/or a one-dimensional 
Debye function to average the rest of the so-called skeletal vibrations (39,40).  The remaining 
vibrations are group vibrations, known to change only insignificantly for the same chemical grouping 
in different molecules.  Their contribution to the heat capacity can be computed from spectroscopic 
analysis of the molecule in question, or even of model compounds.  Because of the rather limited 
coupling between the group vibrations, they are narrow local modes of vibration and can be either 
treated as single Einstein modes (33) or approximated by a box distribution fitted at the upper and 
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lower frequency limit with a one-dimensional Debye function (41–43).   
 

 
 
 
Fig. 4:  Vibrational spectrum of crystalline polyethylene, derived from normal-mode calculations based 
on a fit to the measured infrared and Raman frequencies (37). 

 
Figures 5A–C illustrate such a fitting for crystalline polyethylene in the different frequency 

rangs.  In Figure 5A, the general Tarasov treatment for the two skeletal modes with three Θ-
temperatures is shown (43).  The remaining seven group vibrations are approximated as five box 
distributions (B), and eight Einstein vibrations (C).  A comparison with the spectrum in Figure 4 
allows to judge the simplifications. 

Figure 6A illustrates Cp(solid) and Cp(liquid), and Figure 6B the contributions from the 
skeletal and group vibrations for crystalline polyethylene.  The difference between Cp and Cv can be 
computed from information on compressibility and expansivity (44,45).  Below 200 K this difference 
is negligible.  Up to 150 K the Cv (≈Cp) is almost fully accounted for by the skeletal vibrations and 
calorimetry permits an easy fit to the approximate frequency spectrum in Figure 5A.  At the melting 
temperature (414.6 K), the heat capacity of the crystal and liquid are almost the same.  The 
agreement between measured and calculated data from the approximate frequency spectrum of 
Figure 5 is ±3%.     When sufficient data on heat capacities of linear macromolecules were 
measured (46) and their link to the vibrational motion established, it was possible to generate a 
reliable Advanced Thermal Analysis Scheme (ATHAS) to evaluate the approximations of the 
skeletal vibrations (3,47):  After conversion of Cp to Cv (44,45), the group vibration contributions to 
Cv are subtracted, and the remaining skeletal contributions are fitted to the proper Tarasov equation 
(42,43).  
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Fig.  5:  Various approximations of the vibrations of crystalline polyethylene (CH2–)x (43).  The repeating unit has 
nine normal modes of vibration.  (A)  The two skeletal vibrations (overall chain torsion and bending in addition to the 
inter-chain acoustic vibrations) approximated by the three Θ-parameters of the Tarasov treatment (38).  (B)  Five 
partial, coupled modes approximated by box-distributions (mainly consisting of CH2 wagging, twisting, and rocking 
modes, total modes 2.4).  (C)  The remaining eight partial and full modes of the group vibrations.  (The three highest 
frequencies are the complete CH2 stretching and bending modes, total modes 4.6). 
 
 

  
 
 
 
Fig.  6:  Measured and calculated heat 
capacities of glassy, liquid, and crystalline 
polyethylene. (A)  Measured data, extrapolated 
to 100% amorphous and 100% crystalline 
content, based on about 100 publications 
reviewed for the ATHAS Data Bank (46).  (B)  
Comparison with the vibrational heat capacity 
(total Cp) calculated from an approximate 
frequency spectrum. 
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Fig.  7:  Fit of the skeletal heat capacity of 
α-chymotrypsinogen with the ATHAS data 
using a minimization algorithm (49). 

  
Figure 7 illustrates the quality of 

one of the most complicated fits yet 
attempted, that for bovine α-
chymotrypsinogen type II protein (48).  
This molecule consists of 245 amino acid 
repeating units with a total molar mass of 
25,646 Da and 3005 skeletal vibrations.  
The minimization of the error in the 
figure shows a unique solution and allows 

a reproduction of the experimental data.  Such data are now available for more than 100 linear 
macromolecules in their solid states.  A number of small molecules, as well as rigid macromolecules 
have also been analyzed.  Overall, these frequency spectra reveal that the vibrations below 1012 Hz 
with a time scale larger than one picosecond (10-12 s), which ultimately end below ≈2×104 Hz in the 
acoustic vibrations, are negligible with respect to their contributions to the integrated thermodynamic 
functions H, S, and G.  This means that in calorimetry, the heat capacity of solids is describable by 
vibrations which react instantaneously to the changes in temperature.  Any lags are due to heat 
conduction delays and slow transitions.     

Because of the great similarity of the weak intermolecular forces in polymers and their strong 
C, N, O intramolecular backbone-bonding, the ATHAS Data Base can also be used to estimate the Cp 
of samples which have not been measured yet.  The overall error is usually less than ±5%.  This 
scheme is valuable to assess the unlimited numbers of proteins and synthetic copolymers (3).  All 
solid phases of the same polymer have a closely similar Cp down to about 50 K.  Below 50 K, Cp for 
glasses yields a lower Θ3-temperature.  For glassy polyethylene, Θ3 is 80 K, compared to 147 K for 
the crystals (see Figure 5A, Θ1 is identical for both, crystal and glass). 
Liquid, flexible macromolecules have a long temperature-range of linearly changing Cp (46).  In 
addition, they are additive with respect to their structure units.  To develop a more precise theoretical 
description, however, has proven difficult because of problems to assess the large-amplitude motion 
in liquids with a wide variety of intermolecular barriers to translation and rotation (49,50). 
 
5. 5.  Large amplitude motion 
 

Besides the small-amplitude vibrational molecular motion about an equilibrium position, 
there are a number of large-amplitude motions.  Easiest is the description of the three translational 
degrees of freedom known from the ideal gas theory via: 
 

 ˝ M v2
__

 =  ł/2 RT  =  U , (5) 
 

where M is the molar mass of the particle in question, v2
__

 the mean square translational velocity, so 
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that the left third of the equation represents the kinetic energy, linked to the internal energy of the gas 
U on the right, and R, in the center, is the gas constant.  The heat capacity at constant volume is then 
simply:  Cv  = (∂U/∂T)v = ł/2 R.  A similar expression can be derived for the rotational degrees of 
motion.  Both, translational and rotational energies refer to the molecule as a whole and one does not 
expect either in the ideal form (without additional potential energy contributions) in the solid state. 

The intramolecular conformational rotation is the basic large-amplitude motion of flexible 
molecules.  It represents a hindered rotation between parts of a molecule about a covalent bond.  The 
different conformational isomers reached by this internal rotation have well-defined potential-energy 
minima.  The process can be simulated in crystals by using large-scale molecular-dynamics 
calculations (51).  In simulations of polyethylene-like solids the main motion involves three 
backbone bonds (a 2g 1 defect.  At room temperature such isolated defects have a lifetime of the 
order of magnitude of 10-12 s and a concentration of 0.5%.  The calculations substantiated that the 
deviations of Cp from the vibration-only value seen in Figure 6 start for the amorphous glass at about 
150 K, while for the crystal at about 300 K (52).  A comparison of the calculated concentrations of 
gauche conformations with measurements by IR spectroscopy on paraffin of similar length (53) was 
shown in (54). 

The contribution to Cp of an isolated, internal rotation at low temperature is similar to a 
torsional vibration.  At higher temperature, when the potential energy barrier to rotation into the next 
minimum can be overcome, it reaches a maximum, and finally it drops to that of a free rotator 
reaching half the vibrational Cp (55).  The internal rotations involving cooperative motion of 
neighboring molecules are sufficiently slow to be measurable by DSC and TMDSC.  Model 
calculations made use of the hole model of Eyring (56).  It describes the configuration involved in 
the cooperative, large-amplitude conformational as motion of a ‘hole’ with a one-nanometer or 
smaller radius.         
 
5. 6.  First order phase transition  
 

The integral calorimetric data, H, S, and G, will be the basis for the description of the 
transitions.  Figure 8 summarizes the data for polyethylene as they are available from the ATHAS 
Data Bank (46).  Both information on the fully crystalline and amorphous sample is given, 
normalized for the enthalpy of the crystalline state at 0 K, Hc

o, to be zero.  The enthalpy change is 
represented not only by Cp, but there are also contributions from latent heats, L [= (∂H/∂n)p,T ] at 
constant pressure and temperature: 
 

 dH  =  (∂H/∂T)p,n dT  +  (∂H/∂n)p,T dn .    (6) 
     
In standard DSC experiments, one has to separate the two contributions from the measured, apparent 
heat capacity, Cp

# (= dH/dT).  The second contributions in eq. (6) depends on dn/dT, the amount of 
phase transformations during the change of temperature.  This can be assessed by TMDSC with a 
proper choice of frequency and heating or cooling rate. It can be written as (dn/dt)/(dT/dt) and 
introduces the time, t, in form of the ratio of rate of transformation and the rate of temperature 
change q = dT/dt (see Figs. 2 and 3),  if continuous equilibrium is dn/dT , time and frequency 
independent. 
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Fig.  8:  The integral thermodynamic functions of amorphous (a), crystalline (c), and glassy (g) 
polyethylene, based on calorimetric measurements 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  9:  Schematic of the free enthalpy of a system capable to display equilibrium and nonequilibrium states. 
 The equations are derived from the Gibbs-Thomson eq. (1) expressed for lamellar crystals with negligible 
side-surface effects and thickness l.  The latent heat effect on fusion Δhf  =  Δgf  +  TΔsf.  The lower case letters 
signify specific quantities, subscript c refers to crystals, the prefix i indicates the “production” quantities 
(deviation from equilibrium).  The glass transition temperature is marked as Tg .  The first law of 
thermodynamics forbids enthalpy production (Δ iH  =  0), the second law upward motion in the diagram to 
reach a different phase line (Δ iG  ≤  0, or Δ iS  ≥  0). 
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A schematic of the free enthalpy as a function of temperature is drawn in Figure 9, allowing  
the discussion of equilibrium states (dotted lines), as well as metastable or unstable states of higher 
free enthalpy (continuous lines).  The equilibrium melting temperature, Tm, is easily recognized in 
Figures 8 and 9 at the point where Ga = Gc , and Ha - Hc produces an entropy of fusion which can be 
connected to the increase in disorder.  The entropy contribution introduced during the transition has 
predictable limits, as shown on the right-hand side of Figure 1.  

 The various values have been established over the years (4, Volume 3, pages 5–23), ΔSe is 
Trouton’s rule, ΔSp is Richards’ rule, ΔSo is Walden’s rule, and ΔSc was established based on the 
ATHAS Data Bank.  Also shown on the right-hand side of Figure 1, are the possible connections 
between the various phases via (largely) first-order transitions.  Besides the melting and 
crystallization transitions one can note partial ordering and disordering involving mesophases (at To 
and Td), isotropization of mesophases (at Ti) and naturally, the boiling and sublimation, involving the 
gas phase at a fixed pressure (Tb and Ts).     

The transitions characterized by an entropy of transition have a discontinuity in the slope of 
G, ∂G/∂T = -ΔS, when progressing along the curve of Figures 8 and 9, but not in G itself.  Such 
transitions where were called by Ehrenfest ‘first order transitions’ (57).  A first order transition was 
to be distinguished from a ‘second order transition’ which has a discontinuity in curvature, ∂2G/∂T2 
(= -ΔCp/T), but not in slope.  These definitions are to apply for systems which stay in equilibrium 
throughout the transitions, a condition which can be approximated for systems of simple structure, 
but is difficult to achieve for flexible, linear macromolecules.  All transitions marked on the right 
side of Figure 1 have, at least approximately, been analyzed by assuming a first-order transition 
formalism. 

Only one metastable crystal is marked in Figure 9, naturally many more might exist.  A series 
of lamellar crystals, for example, distinguished by different lamellar thicknesses would lead to 
parallel states with increasing metastability, fixed in metastability by the decreasing lamellar 
thickness and calculated with eq. (1).  In case the degree of order of the metastable crystal is different 
from the equilibrium crystals, as in a mesophase, the slope of G (= -S) would vary in addition to the 
level of G at constant temperature.  Under proper conditions, the metastable state may then cross G 
of the crystal, as well as of the melt and reach equilibrium at a limited range of intermediate 
temperatures (3). 

Following G of the metastable crystal in Figure 9 and inspecting the point of nonequilibrium 
zero-entropy-production melting, one notes that formally this point is similar to equilibrium melting. 
 The degree of metastability is set by the fold length, identical to the metastability of the supercooled 
melt.  The main issue in using nonequilibrium thermodynamics is to avoid the ever-present 
possibility that the metastable states becomes unstable and change during measurement (58).  For 
analysis, unstable systems must be followed as a function of time.  Useful calorimetric techniques are 
then to follow the process with TMDC until a new metastable state is reached for analysis based on 
the observed changes (29).  The second technique is to speed up the analysis such, that the change 
during the analysis is negligible, a technique which by now has reached thermal analyses of up to 
106 K s-1 with superfast chip calorimetry (59).  While the lamellar crystals of linear, flexible 
macromolecules are frequently metastable and melt quickly at the zero-entropy-production Tm, the 
superheated crystals are usually unstable and their kinetics must be followed (60). 
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5. 7.  Glass transition  
 
The glass transitions are marked on the left side of Figure 1, producing a jump in heat 

capacity, ΔCp, as can also be seen in Figure 6A for glassy polyethylene.  At Tg, the function of G 
shows a change in curvature, but no change in its slope, as can be seen in Figures 8 and 9, i.e., there 
is a change in Cp, but no change in entropy, S.  Both of these observations are the requirements of a 
second order transition (57), but the glass transition is not an equilibrium transition, rather a kinetic 
transition.  The glass transition temperature, Tg, is located best at the mid-point of the change in Cp, 
at half-completion of the transition in the given heating or cooling rate, q.  It also depends on the 
thermal history of the sample (3).  An empirical analysis of many glasses of flexible molecules 
suggests, that ΔCp depends on the number of ‘beads’ that gain mobility at Tg, being linked to the 
number of internal rotators. 

Besides with calorimetry, the glass transition can also be identified by its jump in thermal 
expansivity at Tg.  Furthermore, the glass transition can be recognized by the change it causes in 
response to simple mechanical tests.  Based on these, the glass transition has also been called the 
‘brittle point,’ the ‘softening point,’ the ‘thread-pull temperature,’ the ‘maximum in the loss tangent,’ 
etc.  All these point to the glass transition as being an easy operation to distinguish solids from 
liquids, as suggested in the Introduction.  Of special interest is the observation, that the viscosity of a 
liquid (which increases on cooling), reaches commonly a value of about 1012 P s at the glass 
transition temperature.  Viscosity of such magnitude is also observed in ice crystals close to their 
melting temperature.  Based on these experiments, a glass can be identified as a solid that changes at 
Tg to a more mobile phases which may be a liquid or mesophase.  The solidity of many crystals must 
be questioned.  Often, ordering of a phase increases the glass transition.  Ultimately, this may move 
the glass transition to the melting temperature and melting and devitrification or crystallization and 
vitrification occur simultaneously.  In these cases a crystal should be a solid.  There are, however, 
many highly symmetric crystals which possess deformation mechanisms involving travel of 
successively generated one-dimensional dislocation defects along two-dimensional slip planes.  For 
example, many metals are ductile or malleable.  The presence of the same types of dislocations was 
inferred from the increase in heat capacity beyond the vibrational limit in Figure 6, but for 
macromolecules dislocations are usually sessile (immobile) in directions different from the chain 
direction (3,4).     

The glass transition of amorphous polystyrene, PS, was one of the earliest analyzed in detail 
by calorimetry (61).  In order to achieve high precision for Tg, a thermocouple was directly 
embedded into the sample.  Figure 10 illustrates the results and also shows the reasonable agreement 
of the data when fitting with the hole model of Hirai and Eyring, mentioned above (56).  The 
exponential curve suggests that infinitely slow cooling may retain Cp of the liquid, to absolute zero.  
Such slow experiments, however, are impossible to extend far below Tg and it is also erroneous to 
extrapolate the experimental, linear Cp of the liquid to temperatures below Tg to assess the 
thermodynamic functions of a hypothetical, supercooled liquid below Tg.  Such extrapolation would 
keep the higher Cp of the liquid and result ultimately in a lower entropy than that of the crystal, the 
so-called Kauzman paradox (62).  With better estimates of Cp of the liquid, it could be shown for 
polyethylene that this paradox does not seem to exist (63).  Even avoiding the glass transition, Cp of 
the liquid drops on cooling sufficiently quickly so that the amorphous solid and supercooled liquid 
have simial Cps and the liquid retains a positive entropy at 0 K, in addition to the substantial positive 
Ga.     
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 that of the liquid only at Tm. 

Fig.  10:  Glass transition of 
polystyrene, PS, as a function of the 
cooling rate, q, measured by finding the 
half-change of heat capacity on going 
from the liquid to the glass. 
.  
Fig.  11:  Change of heat capacity of 
amorphous and semicrystalline 
poly(ethylene terephthalate), PET, in the 
glass transition region, as measured by 
TMDC (67).  The thermal pre-
treatments are listed next to the

 
Looking to the onset of the 

glass transition, one notes a 
similarity of glass and crystal.  For 
polyethylene, one can see in Figure 6 
that up to 150 K below Tg and Tm 
there are only vibrational 
contributions.  As the transitions are 
approached, defect-based, large-
amplitude motion is noted.  For the 
glass transition, close to Tg, it 
gradually turns into the characteristic 
cooperative motion.  For the crystals 
melting intervenes before a glass 
transition is reached.  It was found, 

however, that for crystals of some nylons (64) and poly(oxymethylene) (65) the full glass transition 
can be reached before disordering of the crystals occurs, i.e. these polymers have a separate Tg and 
Tm (66), while for polyethylene, crystals show the final increase in Cp to
 An analysis of the kinetics of the glass transition of amorphous and various semicrystalline 
poly(ethylene terephthalate)s is reproduced in Figure 11 (67).  The TMDC data were taken during the 
last 10 min of a 20 min run (p = 60 s).  The time before data collection was long enough to reach 
repeatability and cause the overall drift of the sample toward equilibrium to be negligible (see 
Figures 2 and 3).  The modulation was properly chosen so that the Lissajous ellipse of a plot of 
sample temperature versus heat-flow rate did not change and was symmetric over the last 10 
modulation cycles.  The sequence of measured runs of temperatures, To, could be performed on 
cooling and heating with identical results.  The frequency data of different amplitude were 
extrapolated to zero amplitude. 

Analyzing the different samples with a simple, first-order kinetics, based on the hole theory 
yields different relaxation times for the different samples, accounting for the broadening of the 
transition when going from amorphous, annealed glasses to slowly cooled, semicrystalline samples 
(68,69).  In addition to the broadening of the glass transition, the change in heat capacity through the 
glass transition was not linear with crystallinity measured from the latent heat of fusion, rather it 
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suggested a sizable amorphous fraction that does not participate in the measured glass transition.  
This fraction remains rigid on heating and shows a separate glass transition at higher temperature.  It 
was identified as a ‘rigid-amorphous fraction,’ RAF of nanophase dimension (29,70).  Both 
crystallinity and RAF, thus, must be known to judge the mechanical properties of semicrystalline 
polymers.  Several different responses can be understood from the chosen simplified ‘hole model.’  
1.)  A small, constant contribution to Cp.  2.)  A second-harmonic contribution to Cp besides the 
main, first-harmonic response.  3.)  A frequency-shift of the main, first-harmonic response.  All these 
effects make the calorimetric response at Tg non-linear, so that an analysis is only possible with 
proper model calculations (3). 

Above the glass transition, semicrystalline macromolecules, being metastable, may become 
unstable with increasing temperature.  On approach of the melting temperature, for example, a 
multitude of reorganization, irreversible melting, and recrystallization may occur.  These effects 
cause changes in Cp

# of eq. (6) with a much longer time scale than the fast vibrations with 
frequencies in the THz region (1012 Hz), shown in Figures 4 for polyethylene.  For the interpretation 
of the measured data, they must be compared to the thermodynamic functions caused by vibrations 
only, which represent a hypothetical, solid equilibrium crystal.  A larger number of experimental data 
have been collected and discussed in (29).  With the modern modulated calorimetry and the ultrafast 
calorimetry of small sample mass, much progress is expected in not only by understanding the 
thermal behavior, but also by the link of mechanical properties, and molecular motion to thermal 
properties. 

 
Fig.  12:  Schematic of the changes in molecular motion and structural order on going through the 
various phase transitions indicated in Figure 1. 
 
5. 8.  Conclusions 

 
The characterization of the phases between solid and liquid using thermal analysis was begun 

with a review of the definitions and classifications.  Of particular importance were changes suggested 
for the definition of the solid state, types of molecules, and of small phases.  A phase to be analyzed 
by thermal analysis is suggested to be identified in terms of one of 58 types [based on three molecule 
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classes (small molecules, flexible macromolecules, and rigid macromolecules), the 10 phase types of 
Figure 1, and three phase sizes (macrophase, microphase, and nanophase)].  In case the sample is 
heterogeneous, the global fitting of the different phases must be identified by their shapes and 
possibly molecular interconnections across the interfaces, which calls for a rather extensive analysis 
program (3,29). 

Next, the new experimental tools of calorimetry which permit the measurements of heat 
capacity and latent heat, have been summarized with Figures 2 and 3.  Modern developments were 
detailed, and methods available to not only measure equilibrium properties, but also to handle non-
equilibrium and kinetic processes were displayed.  The conclusion is that the success of quality data 
in differential calorimetry lies in the quality of the calibration.     
 Molecular motion, then, was linked to Cp.  The vibrational motion in the solid state with a 
time scale shorter than one picosecond accounts for most of the enthalpy of the solid state, as 
illustrated with Figures 4–6 and 8.  The large-amplitude conformational motion evolves at higher 
temperature out of torsional oscillations.  Depending on the molecular structure, it may begin with 
the creation of isolated, intramolecular, conformational defects.  At this stage the large-amplitude 
motion may also have a timescale in the picosecond range.  The larger potential energy needed for 
the defect creation is detectable by a gradual deviation of Cp beyond the vibrational level as shown in 
Figure 6.  At higher temperatures, the large-amplitude motion expands into intermolecular, 
cooperative, liquid-like motion, starting when approaching Tg with a high activation energy 
(Figure 10).  In case the molecules are sufficiently small to undergo rotation and translation, these 
additional large-amplitude motions also begin when reaching the glass transition.  The molecular 
motion, thus, is intimately connected to the glass transition (Figures 1, 6A, 8–11) and the transition 
involving a change in entropy, the first-order transitions (Figures 1, 6B, 8 and 9). 

These conclusions are combined in Figure 12.  Starting from a disordered glass (bottom) and 
going to increasingly ordered mesophase glasses and the crystal (top), the transition behavior 
changes.  The transformation of the glass to the liquid (melt) occurs at Tg.  Subsequent boiling, at Tb, 
produces the dilute gas phase (vapor).  Mesophase glasses as detailed in Figure 1, show an analogous 
Tg to the mobile mesophase, which then can disorder to the melt (liquid) at the isotropization 
temperature, Ti.  In rare cases the crystal may also undergo a glass transition of its own, but in many 
cases, it is so densely packed that large amplitude motion becomes only possible on disordering to a 
mesophase, combining Tg and Td, or on melting, combining Tg and Tm.  Crystals, particularly those of 
high symmetry are, however, often ductile by defect motion along glide planes, so that a crystal 
cannot always be identified as a solid.  Finally, all condensed phases are directly linked to the vapor 
or gas phase by sublimation. 
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6.   PHASE SEPARATION IN MACROMOLECULAR SYSTEMS 
 

Ivan Krakovský, Yuko Ikeda 
 
6. 1.  Polymers  
 
 Methods of thermal analysis, such as, e.g., differential scanning calorimetry 
(DSC) and dynamic mechanical analysis (DMA) in combination with other methods 
(optical microscopy, small-angle X-ray and neutron scattering (SAXS, SANS), etc.) 
are very helpful in investigation of phase behaviour and physical properties of 
heterogeneous systems. Advantage of DSC relative to other methods consists in small 
amount of material necessary for the measurement, simple sample preparation and 
short measuring time.  
 Polymers are one of the most important materials in nature as well as modern 
technology. Polysaccharides such as cellulose represent main constituents of wood 
and paper. Other natural polymeric materials, e.g., caoutchouc have been exploited for 
centuries. Proteins and nucleic acids are biopolymers which play a crucial role in life 
processes. Today list of synthetic polymers is amazing and includes polyethylene, 
polypropylene, polystyrene to mention just a few. 
            It will be useful to remind what is common for all polymeric materials 
mentioned above despite a great difference in their properties. Polymers are 
distinguished from other materials by the structure of their molecules – the prevailing 
motif is represented by a long linear sequence of atoms or groups of atoms referred to 
as polymer chain or macromolecule [1]. Therefore, polymers are materials which are 
built of molecules with highest molecular weight. Polymer chains may be also linked 
together into one giant molecule of macroscopic dimensions – polymer network - as it 
takes place in rubbers or resins. Though majority of synthetic as well natural polymers 
is composed of a few kinds of elements, only, they exhibit an extremely rich variety 
of chemical compositions, spatial forms and topologies.    
 Unlike details of their structure there is something universal for all polymer 
chains: despite of different degrees of flexibility any sufficiently long polymer chain 
obtains a form of complicated interwoven coil resembling a trail of an object flying 
randomly in 3D space. Many properties of polymers can be explained exploiting the 
resemblance between polymer chain and random walk [2], see Fig. 1. 
 For example, the size of polymer coil can be estimated from the mean-square 

root of the distance between the origin and end of the random walk, 2R : 

 

Nb=2R                                                         (1)  

 
where the number of steps, N, and their length, b, correspond to the number of 
(statistical) segments and persistent length of the polymer chain, respectively [2]. 
Obviously, polymer coil, typically formed by a linear chain composed of hundreds of 
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statistical segments of the length of few nanometers has a characteristic size of a few 
nanometers which explains why polymers are very attractive for nanotechnology1.  
 

 
 
Fig.  1.   Illustration of the analogy between the space form of polymer chain (polymer coil in 
3D) and random walk (in 2D). 

 
             Many characteristic properties of polymers originate from the chain structure 
of macromolecules, e.g.: 
 

• Polymers are poor in (configurational) entropy, 
• Large part of elasticity of polymers at temperatures above glass 

transition temperature is of entropic origin, 
• In polymers there is a wide spectrum of processes with very broad 

characteristic time – from very slow translational and rotational 
dynamics of whole chains realized by means of torsional movements 
of their segments of large amplitude to very fast vibrations of bond 
length and angles of small amplitude.  

 
Thermal properties of an amorphous polymer (i.e., polymer unable of 

crystallization) are similar to that of any glass-forming substance. If the temperature 
of the substance is decreased a big increase in viscosity and response time to external 
perturbations is observed. Below the glass transition temperature, Tg, the material is 
not able to attain its equilibrium state and falls out of equilibrium (see Fig. 2). This 
state is referred to as glassy state. Due to non-equilibrium character of the glassy state, 
the glass transition temperature is not well-defined parameter since its value depends 
on the cooling rate.   

Despite a great effort, the exact nature of the glass transition has not yet been 
fully clarified. As regards to polymers, the reduction in configurational entropy of the 
system seems to play an important role [3,4]. If a polymer is cooled down at a 
constant rate to a temperature below the glass temperature and the system is annealed 
for a time, a slow relaxation to an “equilibrium” state occurs which is reflected in a 
                                                 
1 At the same time, the length of the same chain in fully stretched state, L, is: NbbNL >>=  

for . 1>>N
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decrease of the enthalpy, H.  If the system is heated again at a rate used typically in 
DSC, its enthalpy can evolve in two ways shown in Fig. 2. A recovery peak is found 
in heating DSC curves which represent temperature dependences of specific heat at 
constant pressure, . The peak can occur either before glass transition 
(a) or (more often) it is superimposed on it (b).  

( pp T/Hc ∂∂= )

 
 

Fig. 2. Two possible ways of enthalpy relaxation during heating of a polymer annealed for a 
time in the glassy state. Adapted from [5]. 
 
6. 2.  Polymer solutions and blends 
 
 Polymer solutions and blends represent multicomponent systems. Similar to 
low-molecular-weight systems, they exhibit a rich variety of phase behaviour, which 
can be described by the methods of general thermodynamics. Fig. 3a shows one 
special example of the phase diagram for a binary mixture exhibiting upper critical 
solution temperature (UCST).  

At temperatures higher than the critical temperature, Tc, the one-phase state of 
the binary mixture is stable for all compositions, described by, e.g., molar fraction of 
the component 2, x2. Cooling of the mixture with certain composition can bring it into 
region where it is metastable. It starts to demix and droplets of new phase appear after 
some delay because an energy barrier against diffusion of the components into two 
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new phases has to be overcome. The curve allocating the onset of phase separation in 
the phase diagram is referred to as cloud point curve or bimodal line (Fig. 3). If 
viscosity of the system is low enough as it is the case in polymer solutions, the 
droplets coalesce and the two phases can be isolated and analysed. However, in 
polymer blends the viscosity of phases is usually much higher and full demixing 
would require unrealistic time. Eventually, heterogeneous material with a particulate 
morphology which is in non-equilibrium state is obtained.    

Sufficiently deep and fast cooling can bring the mixture into unstable state 
which is marked out by spinodal line in the phase diagram (Fig. 3). In unstable state, 
the energy barrier against diffusion vanishes and the system spontaneously separates 
into two phases by a mechanism known as a spinodal decomposition. As in the above 
case, in polymer blends the process is again hindered by high viscosity of the system. 
Fixation of the system in this state by freezing or a chemical reaction provides a way 
of preparation of the heterogeneous materials with bicontinuous morphology.  

Spinodals and binodals touch each other in the critical point where they have 
also common tangent (Fig. 3).  

 
 
Fig. 3.   Phase diagram of a binary mixture exhibiting upper critical solution temperature 
(UCST). 

 
For a binary mixture the location of binodal, spinodal lines and critical point in the 
phase diagram can be determined by virtue of the derivatives of the Gibbs free 
energy, G, as  
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Therefore, if an expression for the Gibbs energy of a binary mixture as a 

function of temperature and composition can be derived on base of a microphysical 
model its phase diagram as well as its thermodynamic properties can be calculated. 
First model of this kind for polymer solutions was developed by Flory, Huggins, 
Miller and others almost 60 years ago [6-8], see also [1]. It is a lattice model: polymer 
chains and solvent molecules are “inweaved” into 3D simple cubic lattice such as in 
Fig. 1 and the sum over states of the system is calculated in the mean-field 
approximation. Final expression for the Gibbs energy of the polymer solution derived 
by Flory is: 
 

( )[ ]22112121B
0
22

0
11 lnln vNvNvvrNNTkNNG +++++= χμμ                   (5) 

 
where N1, N2 are numbers of  solvent and polymer molecules, , their chemical 
potentials in pure form, and v1, v2 their volume fractions. In discussion of the phase 
behaviour of mixtures involving polymers volume fractions are preferred to molar 
fractions due to high molecular weight of polymers.   

0
1μ

0
2μ

In the derivation of eq. 5 it is assumed that polymer chains consist of equal 
number of segments, r, which are linked into a flexible array. The segment is 
supposed to occupy the same volume as a solvent molecule. Interaction parameter, χ, 
represents a measure of readiness of individual polymer segments to mutual mixing 
with solvent molecules. 

Similar expression can be also derived for binary mixture of two polymers 
with the numbers of segments r1 and r2, respectively: 

 
( )[ ]2211212211B

0
22

0
11 lnln vNvNvvNrNrTkNNG +++++= χμμ                      (6) 

 
Polymers are generally polydisperse, which leads to the generalization of eq.5 

for polydisperse polymer solutions: 
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where are numbers of k-mers consisting of rk segments,  their chemical 
potentials in pure form, and v2k  their volume fractions (

kN2
0
1kμ

∑ =
k

kv2 v2 ). Binodal line is 

defined by generalization of eq.2, i.e., equality of chemical potentials of the 
components for all the phases coexisting in the system. On spinodal line, the equation   
 

                                               0det
22

2

=
∂∂

∂

lk vv
G                                                           (8) 

has to be satisfied. Binodal and spinodal lines have again a common tangent in the 
critical point. However, as a result of the polydispersity, they do not have a common 
extremum, and critical point is shifted appreciably towards higher polymer 
concentration even for polymers of low polydisperisty (see Fig. 4).  
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Fig. 4.   Phase diagram of a solution of polydisperse polymer with UCST. 
 

The lower value of the interaction parameter the higher readiness of polymer 
segments to mutual mixing. In the original treatment by Flory and Huggins, χ is 
assumed to be a function of temperature, only: 

( )
T

T H
S

χ
χχ +=                   (9) 

 
where χS and χH are entropic and enthalpic part of the interaction parameter. 

A large variety of phase diagrams found for polymer solutions and blends can 
be described formally assuming empirical form for the interaction parameter [9]: 

 

( ) 2T
C

T
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with three constants A, B and C. 
 However, in practice it turns out that χ also depends on the composition of 
mixtures. For example, Šolc et al. [10] showed that assuming the form: 
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where a, b are constants, allows explanation of double critical points observed in 
some systems, such as, e.g., aqueous solution of poly(vinylmethylether) (PVME).  

In polymer solutions, binodals can be determined by observation of cloud 
points. For experimental location of spinodals methods like pulse-induced critical 
scattering has to be used [11]. Calorimetry can be also exploited for determination of 
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binodal lines. The method is based on the measurement of the change of enthalpy that 
occurs during demixing process induced by heating or cooling as illustrated in Fig. 5. 

 
 Fig. 5. Compositional dependence of the enthalpy and Gibbs free energy of a binary mixture 
at a temperature where the system is partially miscible. 
 
 In metastable or unstable one-phase state the enthalpy of the mixture is larger 
(thick curve in Fig. 5) than the enthalpy in two-phase state  (thin line in Fig. 5). 
Demixing is therefore accompanied by an enthalpy jump, demixHΔ , which can be 
measured by a calorimetric method if the jump is sufficiently large. This is the case 
for the aqueous solution of PVME as is illustrated in Fig. 6 where DSC traces 
obtained in heating and cooling are shown. Demixing in heating and remixing in 
cooling of the system is clearly visible. Note that this system has lower critical 
solution temperature (LCST) unlike the phase diagram with UCST shown in Fig. 3. 
Enthalpy of demixing for a polymer solution or blend can be also calculated from the 
Flory-Huggins formulas (eqs. 5., 6 or 7) by virtue of the Gibbs-Helmholtz relation.  

So far we dealt with phase behaviour of liquid binary systems – polymer 
solutions or blends in liquid state. What will happen if these systems are cooled to 
lower temperatures? In the case of the system with UCST, the components in 
individual phases pass into glassy state eventually. The glass transition can be 
preceded by crystallization if some components have a suitable regular molecular 
structure.  

Systems with LCST which are one-phase liquids below the critical 
temperature exhibit phase diagrams similar to those found for low-molecular-weight 
mixtures, as illustrated in Fig. 6 by the phase diagram of the aqueous solution of 
Jeffamine ED2003. This polymer is basically poly(oxyethylene)) and crystallization 
(melting) of water and polymer, glass transition of polymer and formation of the 
eutectic mixture are found on DSC scans as shown in Fig. 7. 
 

146



 
Fig.  6.   DSC scans of  poly(vinylmethylether) aqueos solution (volume fraction of polymer, 

). Adapted from [12]. 0702 .v ≈
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Fig.  7. DSC thermograms at a heating rate of 10 oC/min for the Jeffamine ED2003 aqueous 
solutions. The number on each curve represents the weight percentage of polymer in the 
solution. The insert shows a detail of the glass transition region for one of the solutions with 
high water content. Reproduced from [13] with the permission of Elsevier. 
 

Actually, reheating of a system from its glassy state and determination of the 
glass temperatures of phases is the simplest and most often way used for investigation 
of phase behaviour and miscibility of polymer blends. An accepted unambiguous 
indication of one-phase state, i.e., that the components are miscible, is a single Tg 
which is close to a value calculated from Tg ‘s of the components by means of 
additivity rules [14,15]. Detection of multiple transitions, coincident with or shifted 
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from those determined for the neat components, proves that the system is in the multi-
phase state.   

Implementation of this procedure requires that glass transitions of phases are 
separated by a sufficiently large gap, at least 10 – 20 °C. The domains of individual 
phases should also have a size bigger that a critical size to manifest a unique glass 
transition. The critical size was estimated to be about 10 – 15 nm [16]. 
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Fig. 8. Experimental phase diagram for the Jeffamine ED2003 aqueous solutions; (●) glass 
transition, (□) water melting, (■) water crystallization, (∆) polymer melting, (▲) polymer 
crystallization, (*) eutectic. Lines are a guide to eye. Reproduced from [13] with the 
permission of Elsevier.  
  
            This is illustrated in Fig. 9 by thermal behaviour of poly(methylmetacrylate) 
(PMMA)/polyvinylacetate (PVAc) 50/50 blend cast from chloroform [17]. This blend 
is transparent at room temperature and a single glass transition is observed during first 
heating scan (curve A). This temperature lies between glass transition temperatures of 
neat PVAc and PMMA (curve C). Enthalpy relaxation peak is also present which is 
the result of the sample annealing in glassy state. This peak is erased by the first 
heating scan (curve B). However, heating of the blend to higher temperatures causes 
phase separation of the system as indicated by two glass transition temperatures in 
DSC trace obtained during heating scan of the blend annealed to 227 oC before the 
heating scan (curve C).  
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Fig.  9. DSC traces for 50/50 (mass ratio) PMMA/PVAc blend cast from chloroform. (A) first 
scan; (B) second scan (after heating to 117 oC); (C) after heating to 227 oC. The weight-
average molecular weights of PMMA and PVAc are 60 000 and 453 000, respectively. 
Reproduced from [17] with the permission of Kluwer Academic Publishers.  

 
Enthalpy relaxation, which is illustrated in Fig. 2., can be exploited in 

identification of multiphase structure in cases when glass transition temperatures of 
the components are close each other. The method is attractive due to its simplicity as 
illustrated in Fig. 9 where thermal behaviour of the polystyrene (PS), 
poly(methylmetacrylate) (PMMA) and their blend (67/33 % by weight) is shown [18]. 
The samples were first heated to temperature 150 oC which is higher than glass 
transition temperature of both polymers (106 oC and 126 oC for PS and PMMA, 
respectively).  Before heating (scans shown in Fig. 10.), the samples were subject to 
three different thermal histories: annealing at 92 oC for 24 hrs (Fig. 10a), annealing at 
98 oC for 320 hrs (Fig. 10b) and annealing at 112 oC for 24 hrs (Fig. 10c).  
 In the case of short annealing time (Fig. 10a), distinct enthalpy relaxation peak 
is observed for PS during heating scan. The peak for PMMA is much smaller because 
of higher Tg of PMMA and correspondingly much slower relaxation time at the 
annealing temperature. This is also reflected in the heating scan of PS/PMMA blend 
which has to be phase separated at 150 oC. Longer annealing at somewhat higher 
temperature makes the enthalpy relaxation peak of PMMA more distinct (Fig. 10b). 
Annealing at a temperature between the glass transitions of PS and PMMA for 24 hrs 
suppresses (Fig. 10c) enthalpy relaxation peak of PS and further sharpens the peak of 
PMMA. 
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Fig. 10. DSC traces from polystyrene, polymethylmetacrylate, their blend (67/33 by weight) 
and block copolymer: a) annealed at 92 oC for 24 h, b) annealed at 98 oC for 320 h, c) 
annealed at 112oC for 24 hrs. Note that in this figure endotherms are oriented down.  
Reproduced from Ref. [18] with the permission of The American Chemical Society. 
  
6. 3.  Block copolymers 
 
 A two-phase blend prepared by mixing of two different homopolymers is 
usually heterogeneous on micrometer scale. If the pairs of different homopolymer 
chains are linked covalently at their terminals giving rise to block copolymer chains, 
the phase separation of the resulting material on micrometer scale would require 
splitting of the copolymer chains into original parts which is not allowed due to 
strength of covalent bonds. Instead of that, the material separates into domains of the 
size commeasurable with a characteristic length of the chain blocks. The magnitude of 
this length can be estimated using the mean root square of the end-to-end distance of 

chain blocks, 2R . As it was mentioned above, for common polymers, the values 

of this parameter are in nanometer range and the domains can be therefore referred to 
as nanodomains. The nanodomains obtain various geometrical forms as shown in Fig. 
10. Equilibrium morphology of the system is that which corresponds to the minimum 
of the Gibbs free energy at given temperature and composition expressed, e.g., by 
molar fraction of one of the blocks in the copolymer chain, XB. There are three 
important phenomena which must be taken into account in the calculation of the 
Gibbs free energy of the system: a) interaction and mixing of the blocks analogical to 
that in polymer blend, b) stretching of the copolymer chains and c) formation of the 
new surface between (nano)phases, see, e.g. [19]. 
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Fig. 11. Morphologies and schematic phase diagram for linear AB diblock copolymer. CPS 
= closest packed spheres. Adapted from [19]. 
 
           Both, glass transitions and enthalpy relaxations of individual blocks can be 
used to reveal nanophase separation in block copolymers as illustrated in Fig. 12 and 
10, respectively. Of course, morphology of the copolymer has to be identified by 
other method, such as X-ray scattering or transmission electron microscopy. 
 

 
 
Fig.  12. DSC curves (the second heating scans) of the alternating styrene–maleimide 
copolymer (C2) and poly(styrene-co-maleimide)-block-polystyrene diblock copolymer (BC2). 
Reproduced from [20] with the permission of John Wiley & Sons, Inc.  
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6. 4.  Nanophase separation in polymer networks 
 
 Polymer networks represent a system in which polymer chains are linked into 
one molecule of macroscopic dimensions (therefore, “infinite” on the molecular 
length scale). There are two main ways in which polymer network can be formed 
from polymer chains: a) random crosslinking (the links are distributed randomly 
along the chain) or b) end-linking (the chains are linked at their ends).  

Cross- or endlinking of one of the components of the (multicomponent) 
reaction mixture is accompanied by change of the phase diagram of the system as 
illustrated in Fig. 13.With increasing molecular weight the binodals are shifted to 
higher temperature and initially homogeneous mixture can become unstable in the 
course of the reaction. The structure of the mixture can be SAXS as it is illustrated in 
Fig. 14 by endlinking of the mixture of poly(butadiene) diol (PBD) and 
poly(oxypropylene) triol (POPT) by diphenylmethane diisocyanate (MDI) [21]. 
Analogous to block copolymers, the phase separation cannot evolve into micrometer 
range because of the formation of covalent polymer network. As a result, nanophase 
separated polyurethane network is formed. The phases can be again identified using 
DSC by glass transitions of the components as shown in Fig. 15 for a series of 
nanophase separated polyurethane networks.  

 
Fig. 13. Change of the phase diagram (shift of bimodal line) with increasing molecular 
weight of polymer formed by cross- or endlinking (r denotes number of chain segments in the 
Flory-Huggins model). The asterisk denotes the state of the reaction mixture at the beginning 
of the reaction. 
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Fig.  14. Time-resolved SAXS patterns from the formation of nanophase separated 
polyurethane network by endlinking reaction of PBD and POPT with MDI. Reproduced from 
[21] with the permission of Elsevier. 
 
 

Fig.  15. DSC traces (second heating scans) from the series of nanophase separated 
polyurethane networks formed by endlinking reaction of PBD and POPT with MDI. The 
networks differ in molecular weight of PBDwhich is increasing from PUR1 to PUR5. The 
arrows indicate phase transitions of soft and hard segment nanophases. Reproduced from 
[22] with the permission of Elsevier. 
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6.5.  Nanophase separation (crystallization) in polymer networks induced by   
       strain 
 
 Conformations of polymer chains with longer end-to-end distance are less 
probable because they have lower number of realizations.  Consequently, stretching of 
polymer chains is accompanied by a decrease of entropy of the system.  If the 
polymer chains are cross- or endlinked into polymer network and the polymer 
network is stretched, the process is accompanied by decrease of the entropy (increase 
of the Gibbs free energy) and a change of the phase diagram. However, if the polymer 
chains in the network have suitable regular structure owing to stretching force the 
chain segments can orient themselves and form a new (crystalline) phase of lower 
internal energy. As the result, the Gibbs free energy of the stretched network with 
crystalline domains may be lower than its energy in fully amorphous state. The 
presence of covalent polymer network restricts the extent of the phase separation to 
nanometer scale as illustrated by WAXS patterns obtained from crosslinked natural 
rubber (NR) shown in Fig. 16 [23]. The phenomenon is referred to as strain-induced 
crystallization.  
   

 
 
 
Fig.  16. Sequential change of WAXD patterns from NR-4. Stretching direction is vertical. 
Corresponding strain values are indicated at the right bottom in parts a-g of the figure. 
Indices of crystalline reflections of NR are indicated in part d. Part h shows the enlarged 
image of the center of part b. Reproduced from [23] with the permission American Chemical 
Society. 
 

Strain-induced crystallization may be also observed by DSC. To realize DSC 
measurements on stretched samples in usual DSC apparatus, Lyon et al. [24] 
developed an ingenious way consisting in winding of a stretched fiber of the material 
on a spool-like sample holder.  The results obtained from heating scans on the 
samples of segmented polyurethane stretched to different extension ratios, λ  
( 0LL=λ where L and L are lengths of the fiber in stretched and unstretched state, 
respectively) are illustrated in Fig. 17. In the unstreched state (λ=1), only glass 
transition of soft segments (poly(oxytetramethylene), PTMO) at ca 220 K and 
thermally induced formation of crystalline domains of folded chains (ca 260 K) are 
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observed. The broad endotherm near room temperature is an indication of the 
formation of a mixed morphology at intermediate extensions. The growth of the 
strain-induced endotherm at 330 K at higher extension ratios is attributed to the 
formation of extended-chain crystalline domains. Change of the form of the glass 
transition of PTMO with extension ratio can be also noted.  
 

 
Fig.  17. DSC traces (heating scans) from a segmented PTMO elastomeric fiber at various 
fixed extension ratios, λ. Reproduced from [24] with the permission of the John Wiley & Sons, 
Inc. 
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7.  SOME IMPORTANT FEATURES OF GLASSINESS AND THE 

NATURE OF AMORPHOUS SOLIDS 
 

Hiroshi Suga 
 
If you should understand the nature of a substance, but are allowed only one type 

of measurement to understand it, choose the heat capacity      (A. Einstein) 
          

The deepest and most important unsolved problem in condensed matter science is 
the nature of glass and the glass transition                 (P. W. Anderson)            

 
7. 1.  Nature of the amorphous solids  

 
Glass products have long been used from ancient times not only in our daily life but also 

in some laboratory experiments such as the U tube for the measurement of volume of a gas as 
a function of pressure. Liquefaction of “the last permanent gas helium” was done successfully 
with an apparatus entirely made of glass. Formerly the glasses have been produced by cooling 
the melts of silicate minerals without crystallization until they becomes hard and brittle solids. 
Later the glasses were found to exhibit hallo diffraction patterns similar to those of the liquids 
against an incident X-ray beam. Some important concepts are involved in this description. 
The first is the method of preparation. The melt-cooling was used in some of the modern 
definitions of glasses. The second is the starting materials of inorganic origin. Organic 
substances such as glycerol and synthetic polymers were found to behave similarly. Thus the 
term glasses can be extended to a wide range of substances that easily undercool to form 
amorphous solids. The third is the metastability of the undercooled liquids and glasses 
compared to the corresponding crystalline solids. If the cooling rate is adequately slow to 
induce nucleation, the melt becomes crystalline solid possessing regular lattice with lower 
Gibbs energy. Thus the formation of glass is a problem of bypassing or avoiding the 
crystallization. Although the main subjects of this book are the structures and properties of 
ordinary network glasses of inorganic origin, it will be instructive to start with the description 
of the general features of glassiness exhibited by various kinds of condensed matters in which 
the constituents are held together by the interaction forces, irrespectively of the van der Waals, 
hydrogen bonding, ionic or covalent types. 
    In spite of the long history of practical usage of the ordinary glasses, the scientific 
research of the glassy state began in the 20th century. It is surprising to realize that the first 
measurement of glass transition is more recent event than the discovery of the radioactivity. 
Pioneering work of the calorimetric measurement by Simon and Lange [1] has shown that 
glycerol glass exhibited a sudden increase in the heat capacity Cp over a narrow temperature 
region, and possessed residual entropy S0 at 0 K. The temperature region is called the glass 
transition temperature Tg, and is an important keyword for the glass science and technology.  
Other thermodynamic quantities such as the volume V and thermal expansivity α also undergo 
some changes at Tg. This experiment gave the first paramount example of the solid that 
deviated from the third law of thermodynamics. In Simon’s word [2], the law is expressed as 
“The contribution to the entropy of a system by each aspect which is in internal equilibrium 
tends to zero at 0 K”. The realization of the internal equilibrium in some systems becomes 
quite serious for a human being with a short life span. In this way, the glasses are the 
frozen-in non-equilibrium states with respect to some degrees of freedom in a metastable 
phase of the system. In modern terminology, the glasses or glassy states are designated as 
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non-ergodic. Thus any liquid that satisfies the ergodicity hypothesis in statistical mechanics 
becomes out of equilibrium with some aspects of the system during a continuous cooling.  
The breaking of the ergodicity occurs at a small temperature interval Tg, which depends 
naturally on the experimental time-scale. In this way, the glass transition temperature, the 
residual entropy, the metastability, and the crystallization are the important keywords for the 
thermodynamic characterizations of the glassy systems.  

 Over the past 50 years, many amorphous solids have been prepared by various 
methods other than the traditional liquid-cooling. Amorphous semiconductor used for the 
solar cells is one example. Much of the intense research interest in amorphous solids is driven 
by the technological importance of these amorphous solids. Intellectual fascination with the 
amorphous solids arises from the basic understanding of the state of aggregation of the 
constituent entities in the solids. These amorphous solids combine liquid-like disordered 
structure and crystal-like rigidity, and display unique features that are generally absent in their 
counterparts in the crystalline solids. The exotic formation of amorphous solids can be done 
by either physical or chemical methods. Some methods do not pass at all their liquid state 
during the formation of amorphous solids. Glasses are just one example of the amorphous 
solids formed from the liquid states. What is the relation between glasses and amorphous 
solids? The question was raised by Secrist and Mackenzie [3]. The two terms had been used 
for some times without any clear distinction.   

 Molecular assembly is traditionally divided into four states of aggregation of the 
constituent molecules. The division of assembly into gas, liquid, and solid is based on the 
mechanical properties of the assembly, such as density and fluidity. Further division of the 
solid into crystalline and non-crystalline solids is obviously based on the structural point of 
view. The division of metastable liquids below their melting points into glassy and 
undercooled liquids is based on the non-equilibrium and the equilibrium nature of both states 
based on the thermodynamic reasoning. Thus criteria of the classification are multifarious in 
nature. The glasses are just one example of the amorphous solids with frozen-in disordered 
structure of liquids, but the reverse is not true necessarily without some experimental 
verification. One method to answer this question is to detect in amorphous solids possible 
existence of either the glass transition or the residual entropy that have been observed to occur 
concomitantly in many glass-forming liquids. This problem is discussed first in the following 
section. 

 It is worthy to note here another metastable nature of the polymeric materials. Most 
of the synthetic polymers consist of the crystalline and amorphous parts. The ratio of both 
parts can be changed arbitrarily by keeping them at particular temperature range. This nature 
produces a wide variety of properties in one and the same polymer, and enhances the 
usefulness in the applications of the polymeric materials. According to the phase rule, 
however, only a single phase should appear generally in any single-component system at a 
particular T and p other than the melting line. The coexistence of two parts will be a 
consequence of a distribution of masses in the constituent molecules of the system. Any 
synthetic polymers, even composed of one kind of pure monomer, cannot be regarded as the 
“single-component system”, for which the phase rule holds rigorously. One intriguing 
exception would be atactic polymers in which a trace of crystalline part cannot be observed to 
exist. It is not easy to imagine any conformation of the molecules in the atactic polymer that 
guarantees the translational invariance in the spatial arrangement of molecules placed on any 
regular lattice points.  Strictly speaking, there exist no single-component system in pure 
substances if we take into consideration the existence of isotopes. The effect of isotope on the 
phase behavior appears, however, only at very low temperatures. In fact, liquid helium, being 
a mixture of He3 and He4, exhibits a phase separation at a cryogenic temperature that depends 
on the composition. The phase separation is a kind of ordering process that reduces the 
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entropy of the system. Most of the substances are believed to be in frozen-in disordered states 
with respect to their isotopic species. 

 
7. 2.  Characterizations of Amorphous Solids 

 
A wide variety of amorphous solids can be prepared by physical and/or chemical 

methods. The former is  
(1) rapid cooling of liquid;  
(2) deposition of vapor onto a cold substrate;  
(3) mechanical milling of crystal;  
(4) particle bombardment onto crystal; 
(5) compression or depression of crystal, and so on. 

While the latter is 
 (6) gelatination;  
 (7) precipitation by chemical reaction;  
 (8) dehydration of hydrate crystal, and so on.   

In the former processes, the composition of substance does not change during the formation of 
amorphous solids [4].  The first is the most familiar one. A hyper-quenching method, with a 
cooling rate of nearly 106 K s-1, was developed and applied to water or metallic liquids that 
had strong crystallization tendency. The other physical methods do not pass in principle their 
liquid state. Vapor deposition is one of the powerful methods in forming amorphous solids. 
The kinetic energies of vapor molecules are extracted efficiently during the condensation on 
to a substrate kept at a temperature far below the hypothetical Tg, so as to arrest the deposited 
molecules in a frozen disordered state. Crystals are used in the remaining physical methods.   
High energy in the form of compression, shear stress, or radiation is supplied to the crystal to 
destroy the neatly ordered arrangements of the constituents. Amorphization of ice, SiO2 and 
others were done by this way. Mechanical milling was another energizing method and applied 
first to a metallic mixture forming an amorphous alloy. These non-equilibrium processes can 
be done without passing their liquids. Amorphization by any low-temperature routs is useful 
particularly for substances that are unstable at high temperatures. Thermal decomposition can 
be observed in some of the molecular crystals, as in the case of sugars. Sucrose as a 
disaccharide is known to decompose on melting, giving rise to a mixture of monosaccharides.  
Various methods for production of the amorphous solids are depicted schematically in Fig. 1.  
  Mechanical alloying is a non-equilibrium amorphization process and has been used 
in the development of new metallic systems. This can be done by milling of a mixture 
composed of two or more metals at room temperature.  In contrast to the metallic systems, 
milling of molecular crystals produces amorphous solids even in a single system.   For 
example, salicin, deoxycholic acid (DCA), trehalose, tri-O-methyl-β-cyclodextrin (TMCD) 
etc have been amorphized easily even in single system. Supply of mechanical energy to a 
crystalline substance beyond a critical level induces lattice instability of the crystal and 
freezes it in an energized state that has lost the original periodicity.  Obviously the process 
must be carried out at temperatures below the “crystallization-dangerous” region of the 
resulting amorphous solids.  Nature of the formed amorphous solid depends on the milling 
conditions. Both the Tg-value and the enthalpy of crystallization of the obtained solid are 
found to increase asymptotically with the milling time.  

 For some binary molecular crystals, milling of a mixture results in the molecular 
alloys with a single Tg varying with the composition. This indicates that the component 
molecules mix uniformly in a molecular level to exhibit a single relaxation process over the 
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whole composition 
range. Formation of 
solid solutions in the 
crystalline state is 
highly limited by many 
factors such as the 
shared crystal symmetry, 
the similar sizes of the 
unit cells, the similar 
molecular shapes, and 
so on. Alloying of 
otherwise immiscible 
substances in the solid 
state is possible only 
under non-equilibrium 
condition.    
 

Fig. 1. Methods 
of preparation of 

amorphous solids. 

y methods for the formation of amorphous solids other than the 
tradition

d Tg at essentially the same temperature of 489 K.  
Thes

inetic energy of vapor 
molecul

 
The chemical methods accompany necessarily some changes in chemical potentials 

of the system. In method (6), the sample in a sol is brought into a gel state and then removal 
of extra components forms the corresponding amorphous solid. Some oxides were 
amorphized by this way in the form of fibers or lumps.  The method (7) utilizes the fact that 
some chemical reactions in solution produce amorphous precipitates.  Students in the course 
of analytical chemistry experience fine precipitates in the exercise when H2S gas is passed 
into an aqueous solution including As3+ or Sb3+ ions. The yellow precipitates are fine particles 
and are known to be amorphous from powder X-ray diffraction experiment.  Some 
hydroxides are also amorphous when they are precipitated rapidly in solutions.  Water 
molecules are important ingredients in hydrate crystals.  If the molecules are extracted by 
rapid evacuation, the resulting anhydride cannot keep anymore the crystalline lattice in some 
hydrate crystals. Magnesium acetate tetrahydrate, Mg(CH3COOH)2·4H2O, belongs to this 
category.  By evacuation, the hydrate crystal changes into amorphous anhydride solid.  In 
this way, there exist man

al liquid cooling. 
The chemical precipitates As2S3(am) was examined by thermal analysis, and found to 

exhibit a glass transition Tg at about 477 K. The temperature was essentially the same as that 
of As2S3(am) prepared by the liquid-cooling of orpiment, being crystalline mineral As2S3(cr) 
occurring in nature. While, Sb2S3(am) can be prepared either by the chemical precipitation or 
by vapor deposition. Both the samples showe

e results [5] are summarized in Table 1. 
The Cp values of amorphous tri-O-methyl-β-cyclodextrin TMCD were essentially the 

same at temperatures below and above Tg for both samples prepared by the mechanical 
milling and the liquid-quenching. Thus it turned out that the terms amorphous solids and 
glasses are synonymous. Obviously the extent of frozen-in disorder of any amorphous solids 
depends on the condition by which the amorphous solids were formed. In the vapor deposition 
experiments, it was revealed that the lower the substrate temperature, the larger the amount of 
residual entropy S0. This indicates that the faster removing of the k

es results in larger extent of frozen-in disorder in the solid.    
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The extent of frozen-in disorder in amorphous solid can be described also by the 
concept of fictive temperature Tfic, that was introduced by Tool as an extra variable necessary 
for the description of glass and was defined as the temperature at which a glass with a given 
enthalpy would be at equilibrium if it followed the iso-structural change as the temperature 
was changed [6].   

able 1.  Glass transition temperature Tg of various amorphous solids 
 

T
 
Substance              Tg/K  Method Substance              Tg/K Method 
propane                 46     VC 
(propane)x(propene)1-x    46~55    VC 
propene             

1-butene              

    

 

TMCD+benzoic acid   

55     LQ  

    55     VC 
55 LQ 

(propene)x(1-butene) 1-x   55~60   VC 
   60     VC 

60 LQ 
(propene)x(1-pentene)1-x   55~72   VC 
(butane)x(1-butene)1-x     60~62   VC 
(1-butene)x(1-pentene)1-x   60~72   VC 
1-pentene                72     VC 
CCl4                    60     VC 
isopentane               65     LQ 
CHCl3                   79     VC 
3-methylpentane (0.1 MPa)  77     LQ 
              (108 MPa)  85     LQ 
              (198 MPa)  92     LQ 
ethanol                  90     LQ 
cyclohexene              92     LQ 
dichloromethane          93     LQ 
1-propanol (0.1 MPa)       97     LQ 
         (108 MPa)     104     LQ 
         (198 MPa)     109     LQ 
butyronitrile              97     VC 

                    97     LQ  polyoctamethyleneoxide   2

methanol               103      VC 
vinyl acetate            123      LQ 
isopropylbenzene        126      LQ 
H2O                   135      VC 
ethylene glycol          153      LQ 
1,3-propanediol          166      LQ 
m-cresol               200      LQ 
resorcinol              250      LQ 
salicin                 333     MM 
sucrose                342     MM  
tri-O-methyl-β-          352      LQ 
 cyclodextrin (TMCD)    352     MM 
phenolphthalene         362      MM 

  337      LQ 
337 MM 

brucine                359      MM  
deoxycholic acid (DCA)  363      MM 
trehalose               384      MM 
magnesium acetate       469      DH 
As2S3                   477     CR   
                      477      LQ  
Sb2S3                   489     VC   
polytetrahydrofuran      185      LQ  
polyoxacyclobutane      193      LQ  

 
LQ : Liquid quenching;  VC : Vapor condensation;  CR : Chemical reaction; 

 : Mechanical milling of crystal;  DH : Dehydration of hydrate crystal 

e shows common features of the 
amo

stal, primarily because the 
conf

MM
  
The thermal motions in high-temperature liquids permit rapid and effective exploration 

of alternative molecular packing. But such structural change becomes increasingly sluggish as 
the temperature is lowered, and it largely ceases if further cooling passes through Tg.  If a 
liquid is cooled at a constant rate, the equilibrium enthalpy deviates from the equilibrium 
curve at a particular temperature Tfic. The value becomes lower as the cooling rate is lowered. 
The value Tfic will change with time in the glassy state, depending on the annealing conditions 
at temperatures below the initial Tfic. Thus the determination of Tfic of a sample at the 
measurement stage requires the determinations of enthalpy of the actual glass and of the 
equilibrium liquid. In this way, calorimetric measurements give the quantitative data of Cp, 
isopropylbenzene [5] plotted against temperature. The figur

rphous solids prepared by the liquid-cooling of liquid.  
The heat capacity of a liquid is generally larger than its cry
igurational degrees of freedom are excited in the liquid but no 
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t in the crystal. In addition to the primary or α glass transition Tg, α, a secondary or β 
glass transition Tg, β can be found by the measurement.  The heat capacity jump associated 
with the β transition is so small that very careful and precise measurements are required for 
the detection.  The quantity TK is designated as the Kauzmann temperature and is described 

late

      

entropy of 

e

illiams-
Watt
equation [7],  

                           

 

, τ is the 

 
alpy Hvib, responds always 

uickly to the temperature variation.  Since the total enthalpy of a sample, Htotal = Hvib + Hc, 

r. 
 
 

         Fig. 2.  
Heat capacity and 

isopropylbenze 
 
Many physical 

properties, say the 
enthalpy, of glass tend 
to relax toward the 
equilibrium values of 
the liquid at a constant 
temperature with a 
characteristic time.  
The relaxation process 
for the configurational 
nthalpy is well 

described by the 
Kohlrausch-W

s’ (KWW) 

 
 

 

ΔHc(t)  = ΔHc(0) exp[(-t/τ)β],                                        (1) 
 
where Hc is the part of enthalpy related to the structure or configuration of the liquid
average relaxation time, β (0≦β ≦1) is the non-exponential parameter, ΔHc(t)  and ΔHc(0) 
are the configurational enthalpy to be relaxed at the time t = t and t = 0, respectively. 
 The non-exponential relaxation is one of  the characteristic phenomena observed in 
many glasses. The smaller is the β value, the larger is the distribution of relaxation times. 
The remaining part of the enthalpy, called the vibrational enth
q
can be kept constant under the adiabatic condition, it follows    
 
        dΔHc(t)/dt = - [dΔHvib(t)/dT][dT/dt] = - Cvib[dT/dt].                        (2) 
 
Obviously the temperature T means the vibrational temperature. The structural relaxation is, 
therefore, a process by which T and Tfic equalize.  This is essentially a problem of heat 
conduction between two thermal reservoirs with T and Tfic, respectively. Thus the enthalpy 
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relaxation causes a spontaneous temperature change of sample under an adiabatic condition.  
he following equation is derived for the sample temperature in an adiabatic calorimeter as a 

functio

 process compared to an ordinary cooling process. In this way, the 

 

value as the temperature is lowered.  
ccording to the Maxwell theory of viscoelasticity, the viscosity η can be related to the 

 

Many molecular liquids, on 
e other hand, show pronounced deviation from the Arrhenius behavior and can generally be 

where η

  

T
n of time [8].          

 
  T (t) = a + bt + c exp[(-t/τ)β].                                          (3) 

 
The second term bt is the temperature change arising from residual heat leakage, and is of the 
order of several mK h-1 in most of the experimental temperature range. Analysis of the T ~ t 
curve of the calorimeter enables us to determine experimentally the kinetic parameters 
governing the structural relaxation through the enthalpy. It should be reminded that a constant 
temperature of a sample with time is a prerequisite for the thermal equilibrium (The zeroth 
law of thermodynamics). Any spontaneous temperature change with time under an adiabatic 
condition indicates that the sample is in a non-equilibrium state and is relaxing toward the 
equilibrium state. The time domain covered by this method is 0.1 ks ~ 1 Ms and can be 
extended by patience of experimentalist. The Tg value determined by the calorimetry 
corresponds to the temperature at which τ becomes 103 s or 1 ks, being the time necessary for 
a single heat-capacity determination. It is interesting to note that for 1-pentene prepared by 
vapor-deposition, Tfic = 85 K and β = 0.45, is quite different from those for the liquid-cooled 
sample, Tfic = 72 K and β = 0.92. This indicates the effectiveness of the formation of glass 
with high extent of disorder along with wider distribution of the relaxation times by the 
vapor-condensation
adiabatic calorimeter does work as an ultra-low frequency spectrometer in addition to the 
conventional tool. 
   The viscosity of liquid is one measure of the structural relaxation time for the undercooled 
fluid, and is an important quantity from a practical point of view. The viscosity η can be 
measured routinely and it becomes a convenient kinetic parameter for the glass relaxation. 
Over a small temperature interval, the viscosity changes by several orders of magnitude from 
typically 10-1 Pa s in the liquid state to about 1012 Pa s in the glassy state. Since a value of η in 
the order of 1012 Pa s is associated with the solid state, one can define Tg newly as the 
temperature at which the viscosity reaches this 
A
relaxation time τ through the following equation [9]. 
 
              τ = G∞

-1 η,                                                                                                    (4) 
 
where G∞ is the instantaneous shear modulus. Numerical evaluation of this equation shows 
that the new definition, η (Tg) = 1012 Pa s, corresponds to the relaxation time of several 
hundred seconds at Tg, being again the time scale for a single heat-capacity determination. 
For some network-forming glasses, such as ordinary silicate glasses, the viscosity changes 
with temperature Τ in the Arrhenius fashion, η = η0 exp[Α/Τ].   
th
better described by the Vogel-Tammann-Fulcher (VTF) equation. 
 
          η = η0 exp[A/(T – T0)],                                            (5) 
 

0, A, and T0  are the constants depending on the nature of the liquid.  In this way the 
viscosity η, hence the relaxation time α, tends to diverge towards the temperature T0.  

 Experiments of the enthalpy relaxation at a temperature below Tg showed that the 
relaxation rate depends not only the amount of ΔHc but also the initial sign of departure. 
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The rate depends on whether the relaxation is structure-breaking or structure-forming process. 
The data for τ plotted against 1/T exhibit generally non-Arrhenius behavior, and the relaxation 
time diverges towards a temperature T0 as the temperature is lowered, as already mentioned in 
the case of viscosity. Experimental data showed that this temperature is quite near to the 
Kauzmann temperature TK, at which the extrapolated entropy of liquid crosses that of crystal 
[10]. Since any liquid that possesses entropy less than that of crystal is hard to imagine, the 
extrapolated entropy of the liquid should bend at TK, and follows that of the crystal in the 
temperature range below TK. The seemingly second-order transition that the actual liquid 
exhibits at Tg is considered to be a kinetic manifestation of the underlying equilibrium phase 
transition arising from the variation of the entropy at the Kauzmann temperature TK. There 
exist other scenario that

 

 avoids the entropy crisis at TK. Experimental verification of the 

  The deviation from the Arrhenius behavior of τ is correlated phenomenologically with a 

Cp at Tg.   

 Adam and Gibbs [12] proposed a model for explaining the non-Arrhenius behavior of the 

nd log τ for some glasses 

  The number of molecules z* in a cooperatively rearranging unit, or a cluster, can be 

validity of any models that should occur at TK in an equilibrium liquid is not possible owing 
to our short life span.   
 
fragility parameter m as follows [11]. 
 
           m = d log τ / d(Tg/T) | T = Tg .                                                          (6) 
 
For the Arrhenius behavior, for which m is assigned to be 17, the liquid is designated as strong 
liquid. The structure does not change much with temperature and the heat capacity jump ΔCp 
at Tg is rather small. The larger the m value is, the structure becomes fragile with change in 
temperature. These are designated as fragile liquids, and exhibit rather large jump Δ
 
relaxation time.  They expressed the relaxation time τ by the following equation. 
 
         τ = A exp [z*Δμ/kT] = A exp [NA Δμ sc

* / kT Sc(T)].                       (7)  
 
Here Sc(T) is the macroscopic configurational entropy of liquid, Δμ the chemical potential per 
molecule hindering the cooperative rearrangement of a group of molecules, z* the number of 
molecules constituting the group (or cluster), sc

* the configurational entropy of the smallest 
group that can undergo the rearrangement, and NA is Avogadro’ constant. The configurational 
entropy is determined by subtracting the vibrational entropy from the experimentally 
determined entropy. The vibrational heat capacity of the glass expressed in terms of a 
combination of the Debye and the Einstein heat-capacity functions should be determined first 
by the least-square’ s fitting of the experimental data in the low-temperature range.  The 
value Sc(T) becomes zero at TK for the ideally equilibrated liquid, and this situation results in 
the divergence of τ towards TK as the temperature is lowered.. The non-Arrhenius behavior 
can be considered to be due to the fact that τ is a function of T as well as of Sc. Likely the 
number z* will not be constant but change with temperature. This entropy theory is supported 
by experiment [13], showing good correlation between TSc(T) a
prepared under different conditions. In spite of the large differences in Tg among the samples, 
the glass transition takes place at essentially the same TSc value.  
 
estimated by considering the following relation that can be derived from Eq. (7).. 
 
              z* (T1) / z * (T2) = Sc (T2) / Sc (T1)                                (8) 
 
If the value z* is assumed to be 1 for the liquid at high temperatures where the unimolecular 
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process is dominant, the equation makes possible to estimate the number of molecules z* in 
the undercooled and glassy states. This has been done for some systems [14]. One difficult 
problem in this analysis is to determine accurately the configurational entropy in the liquid at 
high temperatures. Contrary to other spectroscopic experiments, the data obtained by the heat 
capacity spectroscopy are not limited by any “selection rules”. Every degree of freedom can 

odynamical point of 

escription of the glassy state as a frozen-in disordered system. This required the 

veloped in our laboratory, and applied to the 
etermination of Π for two systems. The data clearly showed that Π >1 [16].  Gupta 

second parameter [17]. This kind of 
cussion requires further experimental tests.  

tates of crystals 

contribute to the total entropy of the liquid. Especially the contribution from the 
anharmonicity involved in the vibrational degrees of freedom to the entropy will increase as 
the temperature is raised.  
    Davies and Jones [15] have discussed the glass from quasi-therm
view, and considered necessary number of internal parameter for the thermodynamic 
d
experimental determination of the Prigogine-Defay ratio Π, defined as  
              Π = VT(Δα)2/[Δκ ΔCp] ,                                       (9) 
 
where ΔCp, Δα, and Δκ are the jump of the heat capacity, thermal expansivity, and isothermal 
compressibility at Tg, respectively.  If Π = 1, only a single parameter, say Tfic, is sufficient 
enough for the description of glass.  If Π >1, two parameters are necessary.  A very precise 
calorimeter for the simultaneous measurements of volume V and enthalpy H workable over a 
wide range of temperature and pressure was de
d
proposed a concept of fictive pressure pfic as the 
dis
 
7. 3.  Glassy transitions in crystals: glassy crystals 
  
   Most of the molecular crystals fuse directly into isotropic liquids. Some crystals fuse 
in two steps, either through the liquid crystal phases or the orientationally disordered crystal 
phases.  These mesophases have the entropy values close to those of the isotropic liquids, 
indicating a great deal of disorder in these mesophases. Most of the orientationally disordered 
crystals have face-centered cubic (fcc) or body-centered cubic (bcc) lattice with molecules 
possessing a great deal of orientational disorder. If such a phase is cooled rapidly by avoiding 
the transformation into an ordered crystal, the undercooled disordered phase undergoes 
freezing-in process at a temperature at which the relevant relaxation time τ  crosses the 
experimental time, as in the case of ordinary glasses. Particularly the glassy s
designated as “glassy crystals” are interesting. This is because glasses and crystals are two 
extremes in our concept of structural regularity in solids, and the seemingly contradicting 
concepts must be combined in this new state of aggregation of molecules [5]. 
    Analogy between the dielectric and enthalpy relaxations will be helpful in 
understanding the concept of frozen-in disordered crystals. Dipolar liquids generally show the 
dielectric relaxation in the equilibrium or undercooled liquid phases depending on the 
frequency f of an external electric field. The dielectric permittivity drops at a temperature at 
which the dielectric relaxation time τd becomes (2πf)-1, indicating a freezing-in of the 
orientation polarization.  The actual Tg value of the liquid corresponds to the temperature at 
which the value τd becomes ~1 ks. The same thing can happen in some orientationally 
disordered crystals in which the centers-of-mass of the molecules form three-dimensional 
lattice but their orientations are random among several equi-energetical directions, say eight 
|111| directions of their fcc or bcc lattices. These crystals exhibit, therefore, the dielectric 
relaxation likely if the crystal is composed of polar molecules. The reorientational motion is 
dynamic at high temperatures but becomes quiet as the temperature is lowered until the 
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motion becomes dormant.  
The heat capacity drops 

nly more or less in a 
narrow temperature range 
just 

quids

 

ver a wide range of temperature. This phenomenon has been 

ensed phases is primarily responsible for the 

ethanol around their glass transitions, [5].    

sudde

in a way similar to the 
. In spite of the li

paradoxical nature of the 
concepts involved in the 
nomenclature “glassy 
crystals”, time is now giving 
it proof as an intriguing new 
state of aggregation of 
molecules.  
    

Fig. 3.  Heat capacity and 
entropy of cyclohexanol. 

 
 Cyclohexanol forms 
an fcc lattice below Tfus.  
The high crystallographic 
symmetry arises entirely 
from a great deal of 
orientational disorder of the 
molecule that has only 
mirror symmetry.  When 
the fcc phase is cooled by 
avoiding the transformation 
into an ordered 
low-temperature phase, the 
undercooled orientational 

disordered phase exhibits Tg at about 150 K and has a definite amount of residual entropy. 
The behavior of enthalpy relaxation is unable to discriminate in all aspects from those of 
ordinary glasses only except for the existence of a long-range positional order in cyclohexanol 
crystal. The heat-capacity tail below Tg is noticeable. The long heat-capacity tail below Tg 
causes the Sc to decrease o
observed more or less in many glassy liquids and the effect on the residual entropy of 
cyclohexanol crystal was discussed in details [5,18]. The heat capacity along with the entropy 
of cyclohexanol crystal is shown in Fig 3.            
    ` In the case of ethanol, two kinds of glass transitions were observed for its liquid and 
the orientational disordered phases, respectively. Some textbooks described that ethanol was a 
good glass-forming liquid based on the observation of Tg. The old observation of Tg by 
calorimetric measurements turned out to be for its orientational disordered phase and not for 
the liquid. Glassy liquid of ethanol turned out to be realized only by a rapid cooling of the 
liquid with a rate faster than 50 K min-1. The glass transition for the liquid takes place at 
essentially the same temperature of 97 K. Two glass transitions can occur for different phases 
of one and the same substance of C2H5OH. This observation strongly suggests that the kinetic 
feature of the molecular reorientation in cond
freezing process and that the re-orientational motion governs the translation-rotation-coupled 
rearrangement of molecules in the liquid.  Figure 4 shows the heat capacity and entropy of 
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 Table 2 lists some 
examples of the glassy 
crystals along with their Tg 
values. Likely, glassy state of 
undercooled liquid crystal can 
be realized by avoiding the 
transformation of the liquid 
crystalline phase into an 
ordered crystal [5]. In a liquid 
crystalline phase, molecules
of an elongated shape have 
almost parallel orientational 

rder, but positional disorder. 

6H4-CH=N-C6H4-C4H9 provides one example of the liquid crystals. This substance 
sh s th

e freezing of molecular 
modes 

h 
th freez

 

o
Another name “anisotropic 
liquids” given to the liquid 
crystals comes from this fact.  

 
Fig. 4.   Heat capacity and 

entropy of ethanol. 
 
 The substance 
N-p-n-hexyloxybenzylidene-p

’-n-butylaniline, 
C6H13O-C

ow e following phase sequence: Crystal – Smectic G – Smectic B – Smectic A – Nematic 
– Isotropic liquid (IL). 

 The highly disordered nature of the Smectic G phase is quantified by the large 
entropy change ΔtrsS (Cr - SG) amounting 75.98 J K-1 mol-1 that exceeds far the sum of the 
remaining entropies of transition: 2.53 (SG - SB) + 10.14 (SB - SA) + 9.37 (SA – N) + 5.37 (N – 
IL). The smectic G phase possessing a great deal of disorder readily undercools and exhibits 
two-step glass transitions at temperatures around 200 K. The nature of double glass transitions 
is not clear at the moment, but one of them will be associated with th

characteristic of layered structure, either the undulation mode of a layer or anisotropic 
translational diffusions parallel and perpendicular to a smectic layer.  

It turned out that the glass transitions are not characteristic property of liquids but of 
wide occurrence in a wide variety of substances irrespective of their translational invariance 
with respect to their center-of-masses. The glassy crystals can be a model substance for 
elucidating the complex nature of disordered solids, as the degrees of freedom associated wit

e ing in the glassy crystals are almost pure orientational ones, weakly coupled with 
lattice vibrations [5, 18]. The situation will greatly simplify the character of frozen disorder. 

 The situation of frozen-in disorder is not limited to the metastable undercooled phase 
of crystal.  Another category of glassy crystals can be found in the stable crystals, such as 
CO and H2O crystals. Both of the substances provide good examples of crystals that do not 
obey the third law of thermodynamics. Structural and dynamic studies of CO crystals disclose 
the presence of a head-to-tail motion of the weakly polar molecules. The motion is active at 
high temperatures but cannot overcome a potential barrier hindering the motion at low 
temperatures before the crystal reaches a hypothetical ordering temperature. While the name 
“crystal” derives from the Greek “Krustallos” which meant ice. Ice has long been considered 
as a typical crystalline substance surrounding us. Thus the deviation of ice from the third law 
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of thermodynamics embarrassed many scientists since 1936 when the residual entropy of ice 
was found experimentally. Each water molecule in ice Ih has six equi-energetical orientations 
in the hydrogen-bonded network, but their reorientational motions must be done in a highly 
cooperative way under the constraints of the “ice rules”. The relaxation time for the 
cooperative motion becomes longer and longer as the temperature is lowered until the 
disorder becomes immobilized below a certain temperature. Whether the disorder should be 
described as static or dynamic depends inter alia on the height of the potential barrier, along 
with the temperature and the time-scale of the observation. The half-hydrogen model 
proposed by Pauling cannot be an equilibrium structure of ice crystal at 0 K, but absence of 
any anomalous heat capacity ascribable to an ordering transition has puzzled many scientists 
for a

   
re Tg

 long time [19]. 

Table 1. Glass transition temperatu  of various glassy crystals 
 

Metastable phase             Tg /K Stable phase                  Tg /K 
thiophene                      37 
2,3-dimethylbutane              76 
isocyanocyclohexanol             55 
                              130 
                             160 
CFCl2-CFCl2                     60 
                              90 
                              130 
ethanol                        90 
cyclohexene                    92 
                              93 
cycloheptane                  100 
                             100 
                              93 
cycloheptatriene               106 
cycloheptanol                  135 
cyclohexanol                   150 

 
C2Cl6 in thiourea adduct         59     

 

Cs0.7Tl0.3NO2                   48 

 

thiophene                     42 
buckminsterfullerene C60         87 
�-cyclodextrin·11H2O           150
ethylene oxide·6.86H2O          85 
tetrahydrofuran·17H2O          85 
acetone·17H2O                 90 
CO                          18 
RbCN                       30  
CsNO2                        42 
Tl NO2                                 60 
SnCl2·2H2O                   150 
SnCl2·2D2O                   155 
H2O (hexagonal)               105  

H2O (cubic)                    140 
D2O (hexagonal)                115 
pinacol·6H2O                  155 
H3BO3                        290 
D3BO3                        298 
lysozyme                    ca 150 
myoglobin                   ca 170   

T

 
d 

g value of protein crystal depends strongly on water content. 
 
In fact, a glass transition was found to occur at about 15 K for CO and 110 K for ice 

Ih.  Thus the freezing process is believed to occur during cooling before a hypothetical 
ordering temperature is reached for each crystal [5, 18]. The dielectric and enthalpy relaxation 
times of ice, τd and τ, turned out to lie on the same straight line in an Arrhenius plot.  
Extrapolation of these data to 60 K, a hypothetical ordering temperature of ice Ih proposed by 
Pitzer and Polissar [20], gave a value of 1013 s for τ. It must be this geological time that 
hindered the crystal from realizing an ordered phase of ice Ih in our laboratory time. 
Onsager [21] has suggested using some impure ice samples for inducing the expected ordere
phase. The impurity might hopefully relax the severe constraints “ice relues” imposed to the 
cooperative motion of water molecules in the lattice and enhance the orientational mobility. 
    A minute amount of KOH doped into the ice lattice was found to accelerate 
dramatically the reorientational motion of water dipoles [22]. The hydroxide ion OH- creates 
necessarily a hydrogen bond without proton in the neighborhood, and the creation of this L 
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(leer in Germany) defect in the network will surely relax the severe constraints for the 
cooperative water motion. Thus, an ice sample doped with KOH in the mole fraction of 2x10-5 
and kept at 65 K for 2 days induced a first-order phase transition at 72 K. The transition 
removed a substantial fraction of the residual entropy and changed the lattice symmetry from 
P63/mmc of Ih to Cmc21 of the low temperature phase. The proton-ordered phase was 
designated as ice XI.  Examination of the experimental data showed that the relaxation time 
of the doped ice was shortened by a factor of 108 at 90 K. This is the reason why the 
suggested ordering transition has escaped notice since 1936 when the residual entropy was 
first observed, and now appeared by the catalytic action of the minute amount of dopant that 
relaxes greatly the severe constraints imposed to the rearrangements of the water molecules in 
ice Ih. The Kauzmann paradox does not occur in ice crystal because Ih is the most stable 
modification of ice under atmospheric pressure. This experiment shows the wide validity of 
th third

t temperatures below Ttrs. Most probably, the ordering 
of th h

hemical 
pote a

 at the Kauzmann 
temperature of a liquid? As a matter of fact, it is not easy for us to imagine some disordered 

e  law of thermodynamics in one hand, and reveals a facet of a possible ordering 
process for the otherwise frozen-in disordered systems in other hand.     

 Essentially the same things were observed for the clathrate hydrates of the type II 
structure.  The host lattice composed of water molecules forms two kinds of cages that 
accommodate some guest molecules of suitable size and shape. Two kinds of molecular 
disorder exist in the crystal; the first is the orientational disorder of the host water molecules 
similar to that of ice, and the second is the reorientational motion of the guest molecules 
inside the cages.  This can be clearly indicated by the observation of two kinds of the 
dielectric relaxations, if the guest is dipolar molecule. The one that appear at higher 
temperature is for the water dipole, and the other occurring at cryogenic temperature is for the 
guest dipole. The latter exhibits a great deal of orientational disorder inside the cavity with 
almost spherical symmetry.  The calorimetric measurement of the clathrate hydrate 
enclathrating tetrahydrofuran showed a tiny heat capacity anomaly with relaxational nature 
that is similar in the ice crystal. When the crystals are doped with a minute amount of KOH, a 
first-order phase transition appeared at 61.9 K. The transition temperature depended on the 
nature of the guest molecules: 46.6 K for acetone hydrate, and 34.5 K for trimethylene oxide 
hydrate. Dielectric measurements showed that both of the host and guest molecules in the 
tetrahydrofuran hydrate were ordered a

e ost water dipoles produced a strong electric field that forced the guest molecules to 
align along a preferred orientation.    

 Our experiments are always governed by the Deborah number D [23], which is 
defined as the ratio of the relaxation time τ and observation time t; D = τ / t. As far as D«1, we 
can observe the whole shape of heat capacity anomaly associated with the possible ordering 
transition that is determined by intermolecular interaction and cooperative nature of the 
interaction.  For a system D»1, we will miss a part or full of the relevant thermodynamic 
quantity owing to our limited experimental time. The relaxation time is determined by the 
disordered structure and barrier height hindering the rearrangement of the structure.  A 
particular impurity doped into the system will modify the cooperative nature of the 
rearrangement and shorten the relaxation time as a whole. Only this process makes possible to 
observe a transition that has been concealed for a kinetic reason. Modification of c

nti l of a system by a particular impurity can hopefully result in a drastic change of 
dynamical situation in the system. We may call this new field “doping chemistry”.   

 A particular kind of dopant acted on frozen-in disordered system as catalyst for 
releasing the immobilized state and recovering the equilibrium state in our observation time. 
In relation to this fact, one might raise an inquiry “What kind of physical or chemical impurity 
will release the frozen-in state of the liquid?” If a particular dopant were discovered luckily 
for this purpose, we will be blessed to observe in reality what will happen
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solids without any configurational entropy, designated as an “ideal glass”.  

7. 4. Other aspects of glassy solids 
 

an that of hexagonal ice below about 150 K. Heated discussions are still 
con nue

 modes, leading to instability of the 
crystalli

ghly 
enc

 

 
 

In spite of its simple molecular structure, a wide variety of states of aggregation of 
water molecules have been observed hitherto. At least thirteen crystalline forms of ice 
designated as Ih, Ic, II, III, IV, ···, XI, as well as vapor-deposited amorphous ice have been 
found to exist under atmospheric and high pressures as of 1982. Amorphous ice is, 
galactically speaking, a very abundant material in space.  The Comet’ tail is strongly 
connected to the formation of amorphous ice. The idea that there is an amorphous solid form 
of water was first put forward in 1935 when water vapor was deposited onto a cold substrate 
[19]. A calorimetric measurement showed that the amorphous ice exhibited a glass transition 
at 135 K [24] and had a strong crystallization tendency. The crystallization starts to occur 
progressively at temperatures even below Tg, so that the heat capacity jump is masked to some 
extent by an exothermic effect arising from the crystallization.  Hyper-quenching of the 
liquid water can also produce the amorphous ice and its Tg value was determined to be 136 K 
by a DSC measurement [25]. These values are consistent with that obtained by extrapolation 
of unambiguous Tg data from glass-forming binary solutions up to pure water. On the other 
hand, Angell has proposed that the Tg of amorphous ice must be higher than 150 K. The 
discussion is mainly based on the fact that if the heat capacity of the undercooled liquid 
follows the extrapolated line of the equilibrium liquid, the entropy of the amorphous ice 
becomes smaller th

ti d [26].   
 Pressurization of Ih at low temperatures above 1.3 GPa turned out to be a new way 

for preparation of amorphous ice with high density (HDA) [27]. The HDA ice transforms to a 
low-density amorphous (LDA) ice by warming the HDA ice under atmospheric pressure. Both 
the amorphous ices change each other by an apparent first-order transition. The phenomenon 
designated as “polyamorphism” has opened a new realm in amorphous solids. In the case of 
ice crystal, the amorphization by pressurization turned out to be due to negative Grüneisen 
parameter that induces softening of some vibrational

ne lattice beyond some critical pressure [28].  
 Particularly interesting is the properties of LDA ice. It is becoming increasingly clear 

that LDA ice is of extraordinary character among amorphous solids. What is unexpected is 
that the thermal conductivity increases sharply when the HDA ice transforms to LDA ice. 
Usually the denser forms of substances are the better thermal conductors. Even more 
unexpected is that the thermal conductivity of the LDA ice increases with decreasing 
temperature, the opposite behavior to that of the HDA ice and of all other amorphous solids 
[29]. The LDA behavior is like that of crystals in which the scattering of phonons by other 
phonons decreases with decreasing temperature. This anomalous behavior implies the 
existence of a special kind of order in the LDA ice. This conclusion is consistent with the 
observation that LDA ice does not show boson peaks that are widely observed in 
glass-forming liquids. An X-ray scattering experiment showed that the dispersion relation of 
LDA ice for vibrational modes is similar to that of cubic ice Ic, the metastable form of ice at 
atmospheric pressure. It seems likely that in LDA ice we closely approaching an ideal glassy 
state [30].  It is an embarrassment, however, that it is not certain that a characteristic Tg can 
be assigned to this almost ideal glass. Recent discovery of very high-density amorphous 
(VHDA) ice makes the situation more complex [31]. Further works with novel idea is hi

ouraged for an improved understanding of this intriguing and important substance.   
Another interest is concerning with cryo-preservation of biological substances: cryogenic 

storage by amorphization of the water solution system within the biologically active cell. 

171



When the biological cell is kept at low temperature without formation of ice, the biological 
activity is preserved, independently of the storage period. The solution system is in a glassy 
state at low temperatures, with all the molecules and ions being in a frozen state.   For 
successful vitrification, diverse treatments of the cell or issues are required to protect from ice 
formation. The optimum conditions for the successful preservation depend on the particular 
cell iss

peratures. Any biological function cannot 
be expected to appear in such a frozen-in state. 

s/t ues and added glass-forming substances. 
 It is interesting to describe here some analogies between proteins and glasses. 

Proteins are known to have a free-energy landscape possessing a large number of energy 
valleys, separated by potential barriers. This arises from the conformational degrees of 
freedom of the polypeptide chains. The energy valleys are called the conformational substates 
and correspond to slightly different higher-order structures in a protein molecule. At 
physiological temperatures, protein molecule fluctuates among many substates, as if they 
were liquid. This fluctuation is believed to play an important role in the biological activity 
such as the enzyme-substrate reactions. With lowering temperature, they are expected to 
freeze in a substate. In fact, protein crystals undergo the glass transition at low temperatures, 
depending strongly on the amount of water in the crystal.  Water molecules are important 
ingredient of the protein crystal [32]. Lowering of the water content in the crystal causes a 
decrease in the mobility of the component molecules, resulting in an increase of Tg. Below a 
certain amount of water, the glass transition takes place at temperatures above 300 K. This 
means that conformational and orientational degrees of freedom of both molecules are in a 
frozen-in disordered state at our physiological tem

 
Fig of aggregation of molecules in the equilibrium and non-equilibrium states.  

 
. 5.  States 
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    Above shown Fig. 5. summarizes all the observed states of aggregation of molecules 
in the equilibrium and non-equilibrium states of molecular assembly, as revealed by 
calorimetric measurements.  It can be concluded that the glass transitions observed 
exclusively in liquids so far are just one example of “transitions” that must be of wide 
occurrence in solids in relation to the freezing of some degrees of freedom, irrespectively of 
the translational invariance in the system. Molecular assembly can produce various states of 
aggregation that are much richer than our anticipation. The subdivision of the glassy states 
will deepen our basic understanding of the substance and require a renewal of the concept of 
the glass transition. Freezing processes in seemingly dissimilar substances could be analyzed 
on the same thermodynamic basis, indicating the universality of the underlying 
thermodynamic principles. A new realm of amorphous solid-state science with many unsolved 
roblems is confronting us and must be challenged. 
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8. BIOLOGICAL GLASSES AND THEIR FORMATION DURING 
OVERWINTERING AND CRYOPRESERVATION OF PLANTS 

 
Jiří Zámečník, Jaroslav Šesták 

 
8. 1. Life with anomalous behaviour of water 

 
We are dwellers in a perceptibly lucky but also sensitive world where our Mother Earth 

keeps viable environment providing, e.g., mean temperature of ~17 °C due to the atmosphere 
outward (albedo: A~ 35%) and inward (green house effect: G~ 45 %) reflection [1]. If both A 
and G equalled zero, the mean Earth temperature would drop to a mere 5° C and local 
freezing, based on the transformation of liquid water to solid ice with subsequent influence on 
viability, would be more comprehensive in its effect on inhabitants. 

 Nevertheless, the freezing temperatures well below 0 °C (or 32 F) are common and there 
are many mechanisms for both plants and animals to survive such exposures. Some plants 
involve the production of proteins and/or carbohydrates that act as anti-freezes. Others 
actually induce freezing of extracellular water before the water can breach the cell membrane. 
Other mechanisms include slowing, but not necessarily preventing the freezing of water, 
because the sudden freezing of water is far more destructive than its slow course of action, 
and others engage warming via heat provided by external crystallization yet. 

Processes associated with water freezing (particularly in conjunction with its 
supercooling) have been intensively studied [2-4] for many years due to their significance 
both in nature plants [5] and in human activity (food storage) [6,7]. In the Earth environment, 
these phenomena are well known to be connected with the formation of snow and hail and 
freezing of various water flows. In human activity they play an important role in many 
production processes from plain ice making to the complex foodstuffs freezing. Even more 
important role they play in the viability of plants. 

Water is a compound, which exhibits some extraordinary uncommon and very 
amazing properties and strange behaviour, differing considerably from those properties of to 
water related chemical compounds. It concerns a relatively high boiling point, exceptionally 
large specific heat capacity and surface tension, and anomalous ability to dissolve both ionic 
and polar compounds. When water is left standing for a longer period, it tends to develop 
thixotropic properties, which implies a rather fragile but charge-containing (pH-variation) 
macrostructure (OH-/H+ assembling), curiously capable to even store and release amounts of 
pre-introduced charge [8]. Impurities dissolved in water decrease both its melting and boiling 
temperatures. Unlike most other compounds, water expands as it freezes. It is believed that 
the reason for such properties is a great dipole moment in the water molecules and creation of 
attractions among them. Enlightenment comes from a better understanding that water 
molecules form an infinite hydrogen-bonded network with confined and structured clustering 
which becomes more intensive and better localized under decreasing temperatures. Recent 
studies, done via molecular dynamics, identified experimentally water clusters [2,3,4,9], 
which grow in size and become more compact as temperature decreases. Their size can be 
characterized by a fractal dimension consistent with patterns common in natural world, having 
the correlation length proportional to the configurational entropy [10]. Upon cooling, 
hexagonal icy crystals are more easily reconstructed from the smaller water clusters {(H2O)n 
with n up to 20} even if consisting of an atypical pentagonal symmetry [4] (expectedly 
existing at temperatures >10 °C). However, the larger pentagonal liquid-containing clusters 
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(n>20) are more reluctantly altered to hexagonal crystals ensuing thus a greater undercooling, 
which is more readily inaugurating irregular glassy configuration to occur at lower 
temperatures <<0 oC. For that reason, we often confront in nature such a curiosity that warmer 
water transform to crystalline ice more willingly than cool water, which provides a potential 
danger to nature as to suffer  from sharp drops when happening from higher temperatures.  

The decrease of the region of glass transition temperature with the increasing cluster size 
was experimentally observed to be much less operative than the corresponding change of 
melting temperatures. The mutual order of the melting and glass-transition temperatures were 
found to be reversed when compared with that observed for bulk water. Glass-formation of 
water was treated within the concept of polymeric-polymorphic structure [4,11]. Water 
supercooling and ice formation have been theoretically analysed [12] within traditional 
nucleation theory and the ice formation can be conventionally described by homogeneous 
nucleation if no foreign/irrelevant nucleation centres are present. However, this is a very rare 
case in nature, because microscopic particles of solid phase or biological interfaces (e.g. 
bacteria) are always present inwards liquids (together with the outer-bordering surfaces) and 
act as nucleation sites, yielding thus overwhelming heterogeneous nucleation. The man-made 
induced supercooling, preceding homogeneous nucleation, so far created in laboratory on the 
fine free droplets (very pure water clouds), ranged between -253 and -233 °C, being 
dependant (and growing) with the decrease of droplet size and increasing curvature. 
Measurement of temperature hysteresis, thus occurring between melting and solidification of 
confined water in cavities, is a standard methodology called thermoporometry [13]. However, 
the possible interference/overlapping of the temperature hysteresis, caused either by the 
diminutive porous size or originating from water (independent) supercooling, is not clear yet.  

 
Fig. 8.1. Natural plant behaviour 
while exposed to cooling 
explained by diagram of the 
freezing process in plant tissue. 
Freezing process is sorted 
according to the cooling rate and 
the degree of ice crystal 
formation. Ice crystals inside the 
cells are predominantly lethal for 
plant.  

 
 

Woody plants, tolerating ice 
crystals in their tissues have 
several overall strategies to 
stay alive during temperatures 
below zero (Fig. 8.1). The first 
living strategy is to avoid 
freezing by supercooling or, by 
lowering the melting point of 

their tissues, and organs. Supercooling (sometimes called more properly undercooling) is a 
known effect in many plants and plant tissues. For example parenchymatic cells [14], whole 
organs as generative buds of Ribes [12], Malus [15] or vegetative buds of Abies[16]. The level 
of supercooling may go down to below -40 °C [17]. As the solid hexagonal ice has the 
structure that is uncanonical, with respect to the pentagonal-like symmetry of a solidifying 
clusters of liquid water that contains a high number of incommensurable nuclei of 
icosahedron and dodecahedron. The second living strategy of plants is based on tolerating the 
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extracellular freezing [13,15,17,18,19]. Survival of such plant cells/tissues is based on their 
tolerance to excessive dehydration of the protoplast. In the nature, quite a few of plant tissues 
survive temperatures down to -41 °C, and with the techniques used for preservation of plant 
genetic material they can survive temperatures even below -150°C. The third strategy towards 
a better survival during sudden cooling is called an “extraorgan” freezing [16,20]. The whole 
plant organ (for example bud) is protected by this type of survival strategy against ice 
nucleation and ice spreading inside the organ. Extraorgan ice formation resulted in bud deep 
supercooling following frost dehydration [21]. Above survival strategies of plant species 
while tolerating ice in their tissues can become shared, for example, the woody plants can 
exhibit extra organ freezing in their buds, extracellular freezing in their bark tissues and 
supercooling in their parenchymatic cells of xylem rays [22].  

A question remains what is the state of water or betters the state of protoplasm in the plant 
cells subjected to subzero and even lower temperatures. The physical rules bear witness that 
supercooled liquid can eventually change into the form of non-crystalline solid, i.e. glass. The 
glass formation at the narrow temperature range called glass transition (Tg), which, 
fortunately, does not possess the volume change as it does during the transformation to ice. 
The glassy state found, for example, in dormant twig of a poplar tree [2,22,23] offers the 
explanation, what state of solid water can be found in frozen tissues supposing that this state 
occurred due to freezing dehydration of tissues.  

 

 
 

Fig. 8.2. Cells from garlic shoot tip of dormant bulbils. Samples were quenched directly in liquid 
nitrogen, fractured and etched. Left is a cross fractured vitrified cell after the process of plant 
vitrification (Plant Vitrification Solution No. 2 - treatment, magnification 10 000x). Right is non-
vitrified cell with the visible ice-crystal structure inside the protoplast (magnification 3 000x) [24] 

 
8.2.  Need for a man-made safeguarding of biological systems 

 
Detrimental influence of man-affected environment bears, however, an injurious impact 

on plant growth and endurance. In some cases, the hostile environmental conditions (such as a 
volcano explosion, catastrophic impact of a meteorite, global atomic war or spread out of 
deadly infections) may even lead to a serious depression, and in limit, extinction of the 
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population density of certain plant specimens on our planet. On the other hand, there are also 
many plant species close to the edge of their disappearance under the current deterioration 
effect of changing environment or even under a routine fatality of species vanishing. 
Recently, there has been vast progress in genomics and the ongoing growth of genetically 
modified organism (GMO) was done. There is a supplementary call for the urgent need to 
store plants with their entire genetic information, using preferably the cultural varieties, land-
races and original wild-plant genetic resources. Fortunately, it is not necessary to store a 
whole plant but it is enough to have its buds, even just protoplast, because the plant cells are 
totipotent. Therefore it is possible to store only a small part of plants, mostly a part of 
meristematic tissues of vegetatively propagated plants [25] or a seed axis of generatively 
propagated plants. The plant storage at low or even at ultra low temperatures 
(cryopreservation) is one of the appropriate ways how to keep their viability in a long term 
prospect.  

However, the intracellular ice-crystal formation, which habitually occurs during the lower 
temperature exposure of plants, is in every case lethal for plant survival due to the inherent 
volume expansion of newly formed ice in comparison with the original volume of liquid. It 
grants a consequent destruction of interfacial cell membranes, sometimes happening even on 
reheating. One way how plants can withstand the low temperatures in the nature is their 
tolerance to movement of intracellular water to extracellular domains, which, in result, brings 
a higher tolerance to cell dehydration [4,25-27]. However, the supercooled states frequently 
possess no dehydration effects or ice-crystal formation, but this state is noticeably unstable, 
providing somewhat predictable processes of ice recrystallization upon reheating. The 
exceedingly low viscosity at rapidly cooling conditions of ‘freeze-in’ states give often birth to 
a new non-crystalline state of rigid glasses, and such a process of vitrification is not 
associated with any volume changes. The freeze-in states can nearly hinder any diffusion of 
molecules, preventing thus biochemical transformations and, accordingly, excluding also any 
genetic changes. The formation of glassy state is not yet fully understood [28] but it is 
expedient to a successful storage of plants at a low temperature in liquid nitrogen . 

From the view of cryopreservation, the glassy state, which possesses the same volume as 
liquid, occurs as the most suitable state for a long-term biological storage of germplasm. This 
strategy of ‘being in the glassy state’, is repeatedly exploited by plants in the nature in order 
to withstand unfavourable freezing conditions of surrounding environment, which can be seen 
as a sort of miracle. For example, plant pollen flying in the air has a potential to be in glassy 
state, keeping its viability after stigma pollination. Dormant poplar twigs can survive the low 
temperatures being in the glassy state in midwinter. It is possible to add other examples of 
glassy state occurrence in plant species in the nature. However, the conditions at which the 
glassy state is induced are not fully understood. Though the glass formation in plants can be 
of help for controlling the ‘cryogenic status’ the optimal cooling conditions always achieve a 
suitable cryopreservation state of plant germplasm.  

The process of vitrification [29] is, however, closely associated with the anomalous 
behaviour of liquid water [30]. Its apparent tendency to pentagonal orderliness within the 
liquid state toward decreasing temperatures, as well as possible interaction of liquid water 
with the pentagonal self-similarity of plant cells, the structures of which possess fractal and 
self-affinity architecture [17]. Incompatible to yield focal points for indispensable nucleation 
sites inhibiting thus ice formation. Therefore, it seems to be necessary to reiterate some basic 
data about the structure of liquid water. Mainly its structural quasi-periodicity, which 
becomes factually important for the formation conditions of quasi-crystalline nuclei and their 
capability to form the state of either biologically optimal glass or hazardous ice. 

An important factor is the rate of freezing, which is crucial for the ice growth and sizing. 
The ice formation in plants meets a certain temperature stress. At low temperature, the 
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cooling rate relocate water from intracellular to extracellular space, where ice crystals can 
form easily. However, the ice crystals outside the plant cells are not harmful. When the rate of 
freezing becomes too intensive and thus water retains not enough time to move/diffuse 
outside the cells, the ice crystals start forming inside the cell, which has a lethal effect on the 
cell.  

 
8. 3. Man’s strategy how to generate a glassy state vital for plants’ survival at 

         ultra-low temperature  
 
A new approach how to store plant samples at ultra-low temperature is [31,32] so called 

‘ice free cryogenic storage’, which is based on the instigated formation of biological glasses. 
The strategy how to reach the glass transition in plant samples for their long-term storage by 
cryopreservation methods is prospective in the three following ways of an external control of: 

 
(i) The rate of cooling/warming, 
(ii) Dehydration removing access of water from the tissue, safeguarding enough water 

volume in the tissue to keep the plants alive. The dehydration can be done by three 
ways (see below), 

(iii)Infiltration of plant samples with substances shielding the unwanted crystallization, so 
called ‘cryoprotective’ fixatives, which are usually efficacious glass formers. 

 
8.3.1. Rate of cooling and/or warming  

By application of a well guarded rate of cooling/warming, the cryopreservation method 
subsists as the oldest method, which was ever used [33,34]. For the first time, it was 
demonstrated that the willow twigs collected during very strong winter, additionally prefrozen 
at -30° C, were successfully cryopreserved in liquid nitrogen for one year with subsequent 
plant regeneration [33]. The principle of this method is to give it enough time to precede the 
extracellular freezing of water by slow cooling. In principle, it is like the natural freezing 
occurring in wildlife.  

During a controlled cooling rate, the extracellular nucleus with the highest ice nucleation 
temperature multiplies being supported by low concentration of extracellular solution, 
resulting in extracellular ice crystals formation. The driving force for extracellular freezing of 
water is the difference between the water vapour above supercooled solution inside the cells 
and those extracellularly occurred crystals of ice. This dehydration, which occurs during slow 
freezing, was studied intensively throughout eighties of the last Century by scientists dealing 
with frost resistance of various plants (both herbaceous and non-herbaceous[33]). According 
to nuclear magnetic resonance measurement, it was found that plants behave at freezing 
temperatures like an ideal solution according to the van´t Hoff law of osmotic pressure for 
dilute solution. It declares that the reciprocal water volume is a linear function to osmotic 
pressure. In such complex tissues like roots, shoot meristems, etc., which are concerned in the 
crown of cereals or buds of trees, the water is frozen while moved out of the cells. The rest of 
the cell is concentrated as an ideal solution [35]. 

The volume of water inside the cell is decreasing while the concentration of solutes 
increases until the equilibrium of water activity outside and inside the cells is reached. A 
control of glass formation in the tissue during this researching method was invented by 
authors [34,36] but not proved yet. After freeze dehydration it is speculated that plants can 
adapt to survival due to inherent glass transition ongoing inside the plant’s cells. It is 
anticipated by means of the following facts. The intracellular matrix occurs highly 
concentrated owing to extracellular freezing so that the intracellular ice nucleation cannot take 
place during the slow cooling and, therefore, the plants turn out to be capable to survive even 
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ultra-low temperatures. When the intracellular (‘freezable’) water is reduced to that level, 
which is not dangerous for the plants plaguing into liquid nitrogen, its remaining amount is, 
however, still high enough to keep viable function of cellular compartments inside the cells. 
Usually, after the dehydration the cells are able to recover and/or repair their full function 
indispensable for living.  

However, the plants cannot get customarily adapted toward such ultra-low temperatures 
just during their evolutionary growth because such a low temperatures cannot commonly 
occur during plant evolution or during their lifespan. The lowest temperature measured on the 
surface of the Earth was -89.2 °C (at the Russian Vostok Station in Antarctica), still far above 
the boiling point of nitrogen. The tolerance of plants to the ultra-low temperatures does not 
arise from their long-term evolution or through acclimation to the lowest temperatures on the 
Earth but is allowed by the inbuilt physiological state of their membranes being a result of 
their hardening. Surprisingly, after certain procedures the plants become capable of endurance 
of ultra-low temperatures artificially provided by immersion in liquid nitrogen [33]. 

Homogenous and/or heterogeneous ice nucleation in over-wintering plant parts exposed 
to the low temperature comes to pass at approximately -40 °C and depends on the sample 
size. Besides the common effect of crystallization during the cooling, the comparable re-
crystallization may possibly occur during re-warming as well, known as a ”cold 
crystallization” which may be equally dangerous for plant cells. Simulated ice nucleation of 
plant samples is thus used for investigation, and the seeding by ice crystal is the simplest 
method so far developed. After equilibration (and at a suitable level of freezer capable of 
providing the high rate of cooling), a sudden decrease of temperature is applied in order to 
induce ice nucleation and such a freezing protocol is commonly serviceable for uniform 
samples. This can be done at an exact temperature, which corresponds to the exothermic event 
taking place after the preliminary first freezing run of control samples. Various producers 
supplied different companies freezers with various auto-seeding accessories based on the 
other methods such as conditioning ice nucleation by vibration, ultrasound, etc. Alternatively, 
for an entrapped ice nucleation certain active bacteria can become applicable to fasten 
nucleation at a proper temperature [37]. Using a suitable method of the bacterial entrapping 
ice nuclei, the slower cooling rates could be applied to give enough time for water movement 
outside the cells [4].  

The two-step freezing method was successfully applied to hardy tree buds, which were 
recovered by grafting [38,39]. Controlled rate of cooling is efficient for storing suspension 
and callus cultures, embryogenic cultures and in-vitro shoot tips from temperate and 
subtropical plants. In addition, cryopreservation of cultured cells and meristems was achieved 
by controlled slow pre-freezing to about -40 °C in the presence of a relevant cryoprotectant 
[40] where single chemicals or their combination in various ratios (mixed in a suitable 
cryoprotective cocktails) can be employed. These cryoprotectants help the plant samples to 
stabilize their membranes and proteins after deep dehydration, alternatively acting as an 
energy pool during the recovery of plants. For a common use, dimethylsulfoxide (DMSO) is 
utilized as a representative cryoprotectant of colligative group capable of penetrating inside 
the cells. The polysaccharides (mainly sucrose and polyethylene glycols) are representative of 
non-penetrating cryoprotectants [41]. 

Warming rates are rather critical for the plant survival when taken from liquid nitrogen. 
Especially the injury due to inappropriate slow cooling could become restrictive because it 
may give enough time for extracellular ice formation during crystallization and re-
crystallization. The controlled rate of warming is mainly important for the two-step freezing 
method. In the case of controlled rate of cooling taking place in the presence of 
cryoprotectant, the consequent higher warming rates are frequently applied. Upon such a 
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higher rate of warming it is believed that the re-crystallization becomes avoidable. However, 
immediately after warming, the potentially toxic cryoprotectant must be washed out from the 
plants. The highest rate of warming can be reached by quench-immersing cryovials into the 
hot water held at about 40 °C. The high rates of warming minimize cold crystallization often 
proceeding after the glass transition. 

The advantages of controlled rate of cooling include the use of standardized procedures 
associated with pre-programmed cooling rates, and the use of larger samples. However, the 
disadvantage of controlled rate of cooling is enslavement toward possessing a freezer capable 
to maintain low temperatures of -40 °C together with a controlled unit for providing low 
cooling rates.  

In the course of a slow cooling, ice crystals start to grow inside the cells, which is mostly 
lethal. Extracellular artificially-induced ice nucleation can, however, avoid the random 
intracellular nucleation. Moreover, slow cooling rate may result in colligative concentration of 
the solution inside the cell where the ions in the highly concentrated solution can interact with 
the main components of membranes [42], causing thus non-reversible injury.  

When the rate of cooling is too rapid (>3 °C min-1), cells will not likely remain in an 
equilibrium with extracellular ice, and the intracellular solution would become supercooled. 
Such a supercooled state of the intracellular solution is lacking ice crystal formation and bears 
alongside a sensitive state of plant called metastable state, which could be dangerous, 
likewise. When the ice formation occurs in a supercooled state at ultra-low temperatures, it 
usually leads to intracellular ice formation from either intracellular ice nucleation [43] or 
through seeding via extracellular ice [29,44]. Mostly, this metastable state becomes noxious 
for plants. At ultra-high cooling rates (applied down to ultralow temperatures taking place 
during rapid quenching under ~500 °C s-1) [34], the supercooled water is often transited into 
an amorphous/glassy state. Plant cells exploit such a non-extensible glassy state and its 
diminishable possibility of ice crystal formation.  

The survival of seeds exposed to liquid nitrogen temperatures is also influenced by an 
interaction between cooling rate and moisture content. Rapid cooling of seeds with higher 
moisture contents (where ‘freezable’ water is clearly displayed) has beneficial effects, while 
rapid cooling of dry seeds with high lipid contents is detrimental. It is suggested that glass 
transitions are associated with the two effects of the water and lipid components of the seed 
[45]. 

 
 8.3.2. Dehydration 

Plant cells and tissues that are supposed to survive impact of liquid nitrogen need to be 
dehydrated to a certain level ahead of their immersion into liquid nitrogen. The aim of all 
following dehydration approaches is to increase cell-inner viscosity to the level at which the 
ice crystallization is inhibited and the intracellular matter becomes present in glassy state.  

Three main methods for dehydration of plant tissue used in cryopreservation of plants are 
the following:  

(i)  Evaporative dehydration in the air – the driving force for dehydration is a lower     
vapour tension than that over the plant sample. 

(ii) Osmotic dehydration – the driving force for dehydration is a lower osmotic potential 
in solution than that of the plant sample.  

(iii)Freezing dehydration – the driving force for dehydration is a difference in water  
vapour tension pressure over the supercooled state of water in plants and over the ice 
in the surrounding space. 
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During dehydration, the viscosity of plant protoplast increases to a level required for glass 
formation, avoiding accordingly the dangerous voluminosity crystal formation (Fig. 8.1) 

 
Tab .8. I. Temperature and dehydration conditions for glass transition involvement as a 

basis for plant cryopreservation methods.  

Note: ∆p - difference in water vapour tension; pp - water vapour tension in plants; pa - water vapour 
tension in air; ∆Ψ- difference in water potential; Ψπs - osmotic potential of plant vitrification solution; 
Ψπp - osmotic potential in plants; ΨT -turgor potential (turgor potential at plasmolysis is zero); psw -
water vapour tension of suppercooled solution in plant cells; pi - water vapour tension over ice; T - 
ambient temperature; Tg - glass transition temperature; Tm - temperature of freezing point depression. 
PVSx Plant Vitrification Solution (PVS2 Sakai [46] PVS3 [47], MPVS [48]. 

Glass 
transition 

temperatur
e 

Dehydration  Dehydration 
at Dehydration 

method 
Cryopreservation driving method  force temperature 

Droplet freezing, Air 
dehydration encapsulation -

dehydration 
∆p = pp - pa T>0 Tg<T 

Plant vitrification 
solution (PVSx, 

MPVS) 

Osmotic 
dehydration 

∆Ψ = Ψπs - (Ψπp + 
ΨT) T>Tm Tg <T 

Two step freezing, 
Controlled rate 

cooling 

Freezing 
dehydration 

Tg < 
Tm 

∆p = psw - pi ~ 40<T<0 

 
8.3.3. Desiccation  
It is worth reminding the water activity depends on the inherent temperature, water 

content and on the associated glass transition. If we know them we can assume a certain 
critical water activity corresponding to the relation Tg = T. The relationship between water 
activity and the state diagram was described by Slade and Levine [49]. Water remains fairly 
mobile within glassy plant parts and the water activity in glassy state can thus be determined.  

The relationship between glass transition temperature, Tg, and the water content can be 
measured. This relationship is useful for finding at what a low level we need to dry/desiccate 
the plants to incorporate the glass transition to surface inside plant tissues. The subsequent 
importance for such a desiccation is the threshold of water content up to which the plant is 
able to fully regenerate its recovering to original/new plant. Between these two limits of water 
content the cryopreservation of plants is feasible for enough long time. A high probability of 
plant liveability and associated plant crucial recovery is reaching after warming them from the 
conservation state at ultra-low temperatures.  

It seems to be very difficult to encompass a standard method for proper measuring Tg as a 
function of water content. There are, nevertheless, procedures which can be well standardized, 
particularly regarding the sample preparation methods:  

(i) Anhydrous samples of materials not undergoing thermal reactions (be prepared by 
melting and quenching). 

(ii) Freeze-dried plant materials consequently stored in vacuum desiccators (packed with 
a resolute dryer). The vacuum is essential to have a hermetic system, as water 
transfer will otherwise occur between the vessel and the atmosphere  

183



(iv) A preferred method for most plant materials is the sample equilibration in vacuum 
desiccator over saturated salt solutions (this method will also furnish the value of 
water activity).  

In all cases, Tg values must be determined for the number of gradually changed water 
contents. This must be accomplished in such a way as to become sure that the transition 
measured is really a glass transition relevant to the water and not, for example, an associated 
glass transition for lipids and other substances. Since the plant matrix is complex, a phase 
separation often occurs. The local water content in sub-localities (micro-regions, micro-
domains) may become very important. For example, the sugar and amino acid are possible to 
be phase separated, which means that the reactants are differing both in the water content and 
in the level of plasticization. Though the water activity in both phases may be the same, the 
reactant may go through alternative glass transitions because the glass transitions can be at a 
variance with plasticization in the different amorphous phases. The driving force for 
desiccation of the plants in the air is related to the difference between water vapour tension in 
the tissue and the surrounding air (Tab. 8.I). The greater the difference, the greater the 
strength for removing water from plant tissue.  

The decrement of water vapour in surrounding air is possible to decipher in two ways 
using the so called static and dynamic dehydration. 

(i) The static dehydration is the dehydration under a constant relative humidity, which 
constancy can be reached by equilibration of plant tissues over a saturated salts solution 
(where the access of water is dissolved into the oversaturated solution). The salt solutions can 
be adjusted for an activity of water from aw=1 for distilled water to aw=0.086 for ZnBr2 H2O, 
for example. Advantage of this method is based on the realization of certain equilibrium of 
the water content as a response to the proper activity of water. Its inherent disadvantage is a 
relatively long- time when the constant water content is accomplished.  

(ii) The dynamic dehydration is carried out when the air with constant air humidity is 
flow removing water from plant samples to equilibrate within certain time. By moving air, the 
excess of water vapour is removed from the sample leaving it with a higher humidity than 
relative humidity in the input. The advantage of these methods is a shorter time for removing 
the water from plant samples in comparison with the static method but it has some exceptions. 
The rate of hydration depends on many coupled features, such as the ratio of sample volume 
to surface, diffusibility of water vapour in the surface to water vapour, sensitivity of plants to 
the dehydration speed, etc. In the samples dehydrated too quickly, the surface can turn out to 
be over-dehydrated and even can get covered by a glassy layer, which bestows a diffusion 
barrier to further dehydration. When lower air humidity is used then a shorter time is needed 
for dehydration but requires a greater air flow (with a defined constant humidity). The parallel 
samples must be weighted for the determination of the final amount of water inside the 
samples. For dehydration, it is usually used a sterilized air flow in laminar flow boxes. 
Therefore, a rather difficult control of the final dehydration level yields an undesirable 
disadvantage of this method. 

 
8.3.4. Osmotic and freeze dehydration 
Osmotic dehydration is one of the most common ways of how to remove water from plant 

samples not only providing less water but also featuring a possible incorporation of some 
osmotic compounds for a direct protection. In principle, during the osmotic dehydration a 
plant part is factually bathed in solution, which has a higher concentration of solutes than that 
inside the cells. The driving force for the osmotic dehydration is the difference in water 
potential between cells and the osmotic potential of surrounding solution.  
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Fully turgid1 plant cells have water potential close to zero like a very low concentrated 
solution. The highly concentrated solution inside the cells (representing low osmotic 
potential) is compensated by turgor potential with opposite signs. For an involved glass 
transition, the osmotic dehydration must be very deep, which means that the osmotic potential 
of dehydrating solution must be low in order to remove water excess from the tissue solution. 
In the case of an excessive volume of osmotic solution, the changes in osmotic potential of 
the surrounding solution can be constant, taking in account a rather lower separated volume of 
water being removed from the tissue. It means the samples are gradually dehydrated by water 
removal until equilibrium with the surrounding osmotic solution is reached.  

The plant samples dehydration at low temperatures during the cryopreservation is 
connected with a freeze-drying method, which is used for stabilization of rather labile 
substances such as in pharmaceutical industry for storage of protein-containing drugs and 
other biotechnology products.  

 
8.3.5. Cryoprotectants 

Glass-formation involving the vitrification of special solutions [46,50,51] and the 
encapsulation by dehydration techniques [52] were developed in the 1990s, and since then the 
number of cryopreserved species has increased markedly [53]. 

An ethylene glycol-based solution applied for glass-formation procedure was first 
presented by Steponkus and colleagues [50]. For dehydration of winter rye protoplasts they 
used a concentrated vitrification solution made of ethylene glycol and sorbitol and bovine 
serum albumin (BSA) acting at 0°C. In the same year, Sakai and colleagues [46] published 
another combination of chemicals useful for vitrification. The cells of navel orange were 
sufficiently dehydrated with a highly concentrated cryoprotective solution (PVS2) prior to 
direct plunge into liquid nitrogen. The PVS2 contains glycerol (30 % w/v), ethylene glycol 
(15% w/v) and dimethylsulfoxide (DMSO, 15 %w/v). However, this solution is toxic to 
plants, which ability to survive is just several minutes using PVS2 solution at room 
temperature. This disadvantage is overcome by keeping the plant parts in PVS2 solution at 
lower (0 °C) temperature prolonging its non-toxic time to an hour. Less toxic cryoprotective 
solution (without DMSO) for plants is a ‘Plant Vitrification Solution’ (No.3) (PVS3)[47]. 
Subsequently, cryotubes containing meristems (in 0.5 ml PVS2) are directly plunged into 
liquid nitrogen at the cooling rate of about 300 °C min-1. Alternatively, meristems are put on 
the aluminium foil with or without small drop of PVSx. Since the first publication of positive 
results on cryopreservation when using PVS2, this treatment was applied to more than 200 
species and varieties, which exhibited a successful storability in liquid nitrogen through 
vitrification [53]. Using different types of cryoprotectants, one can manage to distinguish 
what kind of a cryoprotectant and at what extension the transportation takes place, and to 
which part of the plant tissue they are delivered. 

Naturally occurring cryoprotectants, such as ‘Antifreeze Proteins’ (AFPs), expectably 
undertaking a direct interaction with ice, likely modify the freezing process ‘in planta’. In 
cold-acclimated leaves, AFPs inhibit the propagation of ice from the surface of a leaf so no 
freezing occurs until the tissue reaches its equilibrium freezing point when ice starts to 
propagate through the apoplast. After the leaves get frozen, AFPs inhibit the re-crystallization 

                                                 
1  Turgor pressure or turgidity is the main pressure of the cell contents against the cell wall in 
plant cells, determined by the water content mainly of the vacuole, resulting from osmotic pressure. 
Osmotic pressure is a result of solution in an intracellular space separated by a semi permeable plasma 
membrane. Turgor pressure is regarded as the driving force for cell extension and thus for plant 
growth. The terms osmotic potential and turgor potential are widely used. The osmotic potential is 
with negative sign in contrary to positive values of turgor potential in most cases of plant cells.  
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of extracellular ice. AFPs may become particularly protective by slowing ice propagation in 
such situations where fluctuating temperatures cause repeated freezing and thawing of tissues. 
Where an insulating snow cover could stay at ambient temperatures near the melting point of 
the extracellular ice it may get promoting re-crystallization. Although ice can re-crystallize 
more slowly at colder sub-zero temperatures, inhibition of ice re-crystallization may be also 
befitable for those plants that are kept frozen for a prolonged periods [54].  

 
8. 4. Glass transition temperature, freezing point depression temperature and 

supercooling temperature - important points on temperature scale 
 
Under normal atmospheric pressure, the liquid water can be easily suppercooled down to 

about -25°C, with some further difficulties (purity) down to about -38°C and with an 
enhanced supercooling (such as in small droplets of ~5 μm diameter) down to minimal -42°C. 
The lower temperature limit for supercooling of water (also known as the homogeneous 
freezing point) is for water activity close to 1. The freezing point depression (ΔTm) with water 
activity equal one is 0 °C. Where salts or hydrophilic solutes are present, the homogeneous 
freezing point reduces about twice as much as the melting point. 

However, some sugars, for example, have very low glass transition temperatures and the 
time for ice formation (at Tg) becomes almost infinite. Therefore, two separate transitions may 
appear in the experimental time scales, such as the Tg and Tm, which correspond to the onset 
of the glass transition and the onset of the ice melting, respectively. The term "onset" (lines 
extrapolated intersection) should be underlined, because merely taking the value of Tg from 
the curve midpoint is not reasonable. This is because of the following reasons:  

(i) The "onset" of Tg and Tm coincide for high molecular weight compounds  
(ii) At low temperatures, the Tm lays around the outset of the glass transition.  
As both the molecular weight and Tg increase, the Tm takes place closer to the Tg and no 

Tg midpoint or outset can be determined. Therefore, the Tg and Tm cannot represent simply the 
onset and outset of the Tg.  

The Tm data can be directly obtained by differential scanning calorimeter (DSC) and the 
appropriate value of Tm can be measured for a plant by means of melting microscope where 
Tm is defined when the last ice crystals melt under cryoscope.  

 
8.5. Specificity of biological samples 

 
Different types of methods are commonly used to determine the temperature span of glass 

transition, preferably based on:  
(i) Thermodynamics, that is, using conventional differential scanning calorimetry (DSC) 

or differential thermal analysis (DTA) technique,  
(ii) Other dynamic measurements of properties such as mechanical spectroscopy.  

Characteristic times can then be associated with enthalpic and mechanical relaxations, 
which may be different because of certain "decoupling" between dissimilar relaxation modes. 
It should be considered there are differences induced by the given method of experimental 
data analysis:  

(i) Definition of Tg on the DSC, DTA curves,  
(ii) Characterization of relaxation times, 
(iii) Mechanical measurements often determined in terms of modulus, such as dielectric   
      measurements in terms of compliance.  
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One of the main advantages of DSC, DTA is that the measurements can be performed in 

sealed pans (micro-container cells). The size of plant samples is usually small enough to fit to 
the hermetic pan. One to three pieces of Allium shoot tips weigh 3-5 mg and 3-8 mg equal the 
weight of 1-3 vegetative apple buds, as an example. For practical purposes, the measuring 
method should be adjusted according to the required application.  

Although DSC is not the most sensitive method to measure Tg, the main advantage of 
DSC is that it allows repeated and relatively reproducible measurements easy to carry out 
along a wide temperature range. On the other hand, the shortcomings of DMA are 
instantaneously recognizable: 

(i) It is almost impossible to prepare samples with exact dimensions just on the basis of 
plant materials;  

(ii) The measurements can be made more or less for rigid/solid samples;  
(iii) The curves are routinely difficult to analyze exactly enough because of the flatness 

of the peaks and the higher noise involved (often causing misinterpretation); 
(iv)  Evaporation of water from the samples is always a serious problem.  

Moreover, some investigators stressed out that DMTA is, nevertheless, more sensitive 
than DSC.   

 
8.5.1. Particularity of measurements of biological glass  
Glassy state and associated phase appraisal during cryopreservation can be best indicated 

by the help of DSC, which is a sensitive method for the determination of various crossing 
phenomena occurring towards the vitrification. Second consequent DSC run with the same 
biological sample could, however, be substantially different from the first run, because the 
plant samples could be transformed (alternatively phrased as ‘injured’) or completely 
destroyed after the first run completion.  

Starting temperature. It is very important to retain plant samples in equilibrium allied 
with the starting temperature. Room 
temperature as a starting temperature 
for plant investigation is often for 
their non-acclimated state. Starting 
temperature for cold-hardened plants 
should be at least close to 0 °C and 
should be accepted after a long-time 
equilibrium.  

Rate of cooling and warming.  

At extremely slow cooling rates, 
degrading biological samples could 
occur frequently.  

 
 
Tab. 8.I. Comparisons of the 

levels of various organic and 
inorganic solutes in stem tracheal 
(xylem) sap and fruit tip (phloem) sap 
of legume Lupinus albus [57] 

 Xylem Phloem 
 sap sap 
 (tracheal) (fruit bleeding)

mg ml-1 

Sucrose - 100-160 
Amino acids 1.0-2.5 16-30 

µg ml-1 

Nitrate 10-140 - 
Potassium 179 2 256 
Sodium 82 140 
Magnesium 39 124 
Calcium 95 63 
Iron 1.5 9.6 
Zinc 0.8 5.0 

2.72 12.4 Manganese 
0.55 3.8 Copper
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Maximum warming temperature.   
The highest temperature of warming can bring a change of substances causing, e.g., 

protein denaturation, sugar caramelization.  

Autosampler conditions.  

The temperature of an autosampler is important for long-running measurement.  
A new technique, called dynamic cooling protocols, is using a conventional DSC and has 

been developed to obtain chart of dynamic and quantitative water transport data in cell 
suspensions during freezing [55]. Optimization of this technique for cryopreservation was 
connected with the water permeability, which is characteristic during freezing in the presence 
of extracellular ice and cryoprotective agents (CPAs); for details see ref. [55]. 

 
8.5.2. Glass forming substances occurring in plants 
  a) Elements 
From a comparison of the average content of elements [56] which may emerge in plant 

bodies with those forming easily glasses (cf. Tab. 8.II). It is not clear to derive a strict 
relationship of glass formability in wider organic nature. A certain exception can be seen in 
carbohydrates, mainly in the region of high concentration of sucrose.  
 
Tab.  8. II. Examples of substances that form glasses (those commonly present in plants are 
in bold letters) - adapted from [56,58,59]. 

  
     Type                               Limited examples 

 
Elements   P, S, Se 
Oxides   SiO2, GeO2, B2O3, P2O5, As2O3, Sb2O3 
Halides    BeF2, ZnCl2  
Aqueous solutions H2SO4 (aq.), KOH (aq.), (Na,K,Li)Cl (aq.),   
Organic compounds Methanol, ethanol, glycerol, glucose, toluene, o-terphenyl, m-

xylene, fructose, sucrose 
Polymers Poly(ethylene), polystyrene, poly(vinyl) chloride, etc.   
   
  b) Water 
Any commence of a state diagram for water relies, at least, on two sources of data:  
(i) Variation of glass transition temperature (Tg) as a function of water content;  
(ii) Curve-based determination of a freezing point depression (Tm) can be completed 

up to the intersection (with the Tg curve). 
(iii) Temperature of both curves for homogenous and heterogeneous nucleation 

depends on water concentration. A state diagram cannot be created without precise 
knowledge of water content and the corresponding glass transition temperature, 
thus the glass transition temperature must be defined. Glass transition temperature 
for hyperquenched water is generally believed to lay at about -133 to -138 °C [60]. 

(iv) The highest heat capacity is that of water (Tab.8.III). The same is valid for ice at 
temperatures below zero in comparison with other substances occurring in plants.  

 
  c ) Carbohydrates 

Sugars are commonly used as cryoprotectants. Their concentrations and the individual types 
of sugars must be optimized toward developing cryopresevation methods [26]. The 
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cryobiologists tested various carbohydrates in an attempt to improve the percentage of 
explants surviving with their regeneration. Unlike sugar alcohols such as sorbitol and manitol, 
which are not readily metabolised in the cells of many plant species, sucrose is readily 
metabolized and is thought to have several protective functions during dehydration and 
subsequent freezing. 
 

Tab.8. III.  Heat  capacity (Jg-1K-1) of water, ice, main organic substances and ash from 
plants. Data calculated according published equations [61].  

 

Temperature 
°C H2O Ice Protein Fat Carbohydrate Fiber Ash 
40 3.82  2.05 2.04 1.62 1.91 1.16 
30 3.91  2.04 2.02 1.60 1.90 1.15 
20 4.00  2.03 2.01 1.59 1.88 1.13 
10 4.09  2.02 2.00 1.57 1.86 1.11 

0 4.18 2.06 2.01 1.98 1.55 1.85 1.09 
-10  2.12 2.00 1.97 1.53 1.83 1.07 
-20  2.18 1.98 1.95 1.51 1.81 1.05 
-30  2.24 1.97 1.94 1.48 1.79 1.03 
-40  2.31 1.96 1.92 1.46 1.77 1.01 

      

Most of these sugar alcohols are not as effective cryoprotectants as is sucrose. Sucrose 
has been found to be the most effective cryoprotectant in other studies [26,62]. Sugar 
activities are an important intermediary for cryopreservation:  

(i)   Can decrease water content by osmotic dehydration; 
(ii) After influx of sugars into the cells, the osmotic potential of plant tissues often gets 

decreased; 
Fig. 8. 3. Tg in aqueous 
sucrose solution as a 
function of different 
water content: literature 
data ((×) data from 
[64]; (■) data from[65]; 
(□) data from[66]; 
(▲)[67]; (♦) calculated 
Tg from Eq. (1)). 
Redrawn from.[60] the 
concentration of the 
solute in the freeze 
concentrated solution is 
usually denoted Cg 
(weight fraction of solut) 
 

(iii)  Osmoprotectants (sugars like sucrose) are thought to contribute maintaining the 
membrane integrity during the dehydration and freezing processes. It is intermediated 
by the formation of hydrogen bonds between sugars and the hydrophilic components 
of cellular embranes  [63];  

(iv) Act as a glue sticking the shoot tips to the carrier (e.g. aluminium foil) after 
dehydration 
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(v) Accomplishes the first aid during the energy starvation throughout the plant 
regeneration after warming.  

Sugars are seen as the most usable cryoprotectants involved in plants as a reaction to 
abiotic stress (mainly in drought and cold conditions). The sucrose is used also the most 
acceptable cryoprotectant added to the plant during their cryopreservation at ultra-low 
temperatures. On the sugar as a cryoprotective example, it can be shown how difficult it is to 
interpret complex behaviour of such a simple substance and how difficult it can be to define 
its mixtures in the plant tissue (Fig 8.3 and 8.4). No expression derived from theoretical 
models is found suitable to predict satisfactorily enough.  

The glass transition temperature for a binary mixture - the semi-empirical Couchman and 
Karasz expression [27] is only partially successful in aqueous solutions. 

Although empirical, the Couchman and Karasz equation seems to be the best model to 
describe varying Tg with composition. A modified Gordon–Taylor equation (MGT, Eq. (1)) 
can be used to estimate the Tg values of single-phase sucrose solutions (i.e. no ice present). 
Glass transition temperature data for sucrose with various water contents were gained from 
the literature Fig. 8.3 and were fit by Eq. (1) 

 
Tg = ((kTg2−Cw (kTg2−Tg1 ))/(Cw(1−kTg) + kTg ))+ α1Cw(1−Cw) + α2C2(1−Cw)   (1) 

 
where Cw is the concentration of water at Tg (weight fraction), Tg1 and Tg2 are the mid-

points of the glass transitions for pure water and sucrose, while k, α1 and α2 are constants. 
Here we use 348.2K for Tg2, the glass transition temperature of pure sucrose, and Tg1 for water 
is taken as 135 K. The “best fit values” for the parameters are k = 0.092, α1 = 481 and α2 = 
−1225 [60]. 

Fig.8.4.Schematic state diagram of 
aqueous solution of sucrose[69], an 
example of 40% concentrated 
sucrose. 1 is for equilibrium freezing, 
2 is for thawing of 63 % frozen 
solution. It shows the glass 
transitions corresponding to the 
nominal composition of the initial 
solution of sucrose Tg, and glass 
transition of maximum freeze 
concentrated phase Tg1, as well as the 
glass transition around sucrose 
crystals Tg´ Solid curves are for of 
water solid- liquid boundary (s-l 
water) and sucrose solid- liquid 

dary (s-l sucrose). 
 

predicting the Tg data of multi component systems. Nevertheless, both equations were 

boun

There are no attempts to apply 
this equation to multi component 
plant samples, but it could be 
possible under further credentials. 
However, the equation allows 

considering a mixture of several components as one given component and water as another 
one providing thus some practical values. The problem still remains because it does not know 
the definite ΔCp for even pure water which the Couchman-Karasz equation uses for 
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satisfactorily used for description of water content and glass transition for such multi-
component biological material as the fruit powders [68]. 

From the above mentioned results, it follows that diluted and semi-concentrated aqueous 
solutions of sucrose (wsuc weight fraction of sucrose in Fig 8.4, Tab. 8.IV) freeze under a non-
equilibrium state. The system is heterogeneous and contains crystals of ice and sucrose, which 
exhibit two types of domains of amorphous solids (or better glass), which composition 
corresponds to that of maximum freeze concentrated phase (MFCP) characterised by glass 
transition temperature T´g. The solution inside the domains around sucrose crystals is 
characterised by glass transition temperature Tg1. At very low temperatures, the resulting 
structure of the solution is heterogeneous containing, in any case, ice, sucrose crystals, and 
two glasses formed from the freeze-concentrated phase and the solution laying in the 
neighbourhood of sucrose crystals.  

Recently, Goff and Sahagian [6] used modulated DSC together with a parallel microscopy 
to examine the glass transition behaviour of frozen 40% sucrose solutions. They concluded 
that the high temperature transition complies with a glass transition, Tg., That results from the 
formation of a concentrated, non-equilibrated sucrose phase in the region of rapidly nucleated 
ice and/or from the solute inclusions within the crystals themselves. The second annealing 
process at −35 °C looks as if to result due to the disappearance of the higher temperature 
transition [6].  

 
Tab.8. IV Glass transitions corresponding to the nominal composition of the initial solution of 
sucrose Tg, glass transition of maximum freeze concentrated phase Tg1, glass transition domains 
around sucrose crystals Tg´, melting temperatures of ice or sucrose Tm,i, Tm,suc and melting enthalpy 
per gram of ice or sucrose ΔHm,i, ΔHm,suc of aqueous solutions of sucrose weigh fraction (wsuc). Cooling 
and heating rate of measurement was 2 °C min-1 [69]. 

 Tg Tg1 Tg´ Tm,i ΔHm,i Tm,suc ΔHm,suc 

wsuc (°C) (°C) (°C) (°C) (J/gi) (°C) (J/gsuc) 
0.05 – -50.2 -35.9 1.0 320.1 5.1 – 
0.1 – -48.1 -35.2 0.0 309.2 1.1 4 
0.2 – -48.0 -35.1 -1.3 272.4 0.7 58.7 
0.3 – -46.7 -34.8 -2.7 234.7 0.9 26 
0.4 – -46.3 -35.9 -5.3 208.0 0.4 5 
0.53 – -45.5 -36.2 -9.7 143.8 – – 
0.63 -83.2 -44.9 – -16.1 134.1 -4.3 0.9 
0.76 -56.9 – – – – – – 

 
        

The aqueous sucrose solution behaves differently according to the momentary status of 
concentration resulting from given cooling and warming. The behaviour does not appear 
simple as the sucrose concentration (representing four concentration regions) can be 
subdivided into four parts, each exhibiting its characteristic glass transition. At one moment, 
the sucrose can show up the three distinctive temperatures of glass transition taking place in 
different domains of the down-cooled sucrose solution. This depends on various settings of 
sucrose solution concentration, rates of cooling and warming, annealing temperature and time.  

During plant freezing and drying, sucrose works as a definite (natural) protecting agent, 
but a mere accumulation of sucrose alone is not a sufficient condition for all plant species 
survival of the ultra-low temperatures. 
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8. 6.  Stability of biological glass: an important condition for reaching its long-
term storage  

 
Glassy status as a common solid/rigid state occurring in biological samples habitually 

results from a suitable circumvention of crystallization. The quality of glassy state is possible 
to classify simply by ratio (Tg,Tm) - the lower ratio reveals the higher difference of Tg and Tm, 
thus showing a greater stability of glassy state. A more sensitive interrelation to the glass 
formation peculiarities can be found on the basis of Hrubý coefficient Kg1 :  

 
 Kg1= (Tc – Tg)/(Tm-Tg)         (2) 
 
 where Tc, Tg, Tm are temperatures of crystallization, glass transition and melting 

temperature, respectively, the values of which, however, can be found only by suitable 
experiment using the ready-to measure sample (pre-prepared glasses) [17]. It is clear that the 
greater the value of Kgl the better is the glass-forming. The best utilization of Kgl is in the 
comparison of glass-forming ability and glassy state stability of different biological materials 
under different conditions and thermal treatments. Hrubý coefficient (Kgl) indicates the glass 
stability against crystallization on heating and could be used to estimate the vitrification 
ability of glass forming liquids. These both characteristics (Tg,Tm) are easily measured by 
conventional DTA/DSC during warming samples in glassy state. The correlation between 
glass stability characterized by Hrubý parameter and the glass forming tendency characterized 
by critical rate of cooling for glass formation was confirmed [70]. 

The kinetic property of biological means in glassy state is yet poorly understood. 
Dynamic processes including the membrane fusion and solute leakage of frozen and dry 
liposomes in carbohydrate glasses, and ice formation haemolysis of frozen human red blood 
cells, were recently studied [71]. The kinetic stability of biological glasses is clearly Tg-
dependent. The reaction rate constants deviated notably from the traditional Arrhenius 
behaviours can be well fitted to the Williams-Landel-Ferry (WLF) [72] equation  

 
log a(T) = -C1( T-Tg)/{C2 + (T-Tg)}      (3) 
 
where C1 and C2 are universal WLF constants. It was found that different polymers 

exhibit very similar WLF constants. The universal values of constants in the WLF equation, 
used for abroad spectrum of amorphous materials (C1 = 17.44, C2 = 52.1) do not match, 
however, to the dynamic processes of biological material. The derived C1 and C2 constants of 
the WLF equation for seed survival of three species at T>Tg are: for Glycine ~ 37.5 and 269.8, 
for Pisum sativum 22.3 and 179.2, and for Phaseolus vulgaris 22.1 and 183.1, respectively 
[73]. 

Angell [74] defined fragility via the diagrams of log (η) vs. Tg/T, where η is viscosity. 
When the temperature dependency of viscosity is high, such a glass is called fragile. At 
temperatures higher than a glass transition temperature, a different behaviour of glasses can 
be commonly distinguished according to the ratio of the crystalline melting point (Tm) and 
glass transition temperature (Tg). According to Slade and Levine [49], consequently, it is 
possible to define three classes of amorphous systems  

(i) The ratio Tm/Tg ≈ 1.5 is characteristic for the first-class. The amorphous system in this 
class of biologic-like materials is represented by glucose, for example, where the viscosity 
decrease is moderate. Description is typical to comply with some ‘well-behaved’ polymers or 
‘fragile’ liquids [27]. The common constants in WFL equation are 17.44 for C1 and 51.6 for 
C2.  

192



(ii) The ratio Tm/Tg >> 1.5 is often categorized for the second-class. The viscosity 
decrease is very small. Such glasses are typical products of ‘poorly behaved’ polymers or 
strong liquids. This ‘typical but not well-behaved’ class is a readily crystallisable matter (e.g., 
water) and the WLF constants are about 20 and 155 for C1 and C2, respectively.  

(iii) The ratio Tm/Tg <<1.5 (when the temperature of glass transition is close to the 
temperature of the melting) is distinguished for the third-class. The WLF constants of C1 = 
12.3 and C2 = 22.3 apply [7] and the glass-forming systems are described as ‘a typical and 
poorly behaved’ class represented by, e.g., native starch, gelatine, fructose or galactose and/or 
other very fragile liquids.  

The kinetics of ice formation also deviates from the Arrhenius relationship, following the 
WLF kinetics. The WLF constants for the process of ice formation were calculated to be 2.1 
and 11.2 for C1 and C2, respectively. These values are significantly different from those ones 
(i - iii). Therefore, the ice formation in frozen cells may be distinguished by WFL constants 
from glass transition in the above mentioned three classes (i - iii). 

For some supercooled liquids, typically water, there exists a fragile-strong transition [75]. 
The simple model system has been reported by Angel et al. [76]. For electrolyte solutions that 
are very fragile, and become stronger as concentration increases due to the replacement of 
weaker hydrogen bonding with stronger ion-dipole interaction. In contrast, any sugar solution 
becomes more fragile as concentration increases. High molecular weight proteins such as 
gluten are relatively strong.  

The prediction of the stability of biological materials preserved in the amorphous matrix 
is of a very particular interest. From the WLF equation (3), one can easily derive that the 
stability of biological materials in the amorphous matrix will decrease at a rate proportional to 
(10 T-Tg ) if held in the rubbery state at temperatures T > Tg [54].  

However, a more accurate estimation is needed in practice. A conceptual illustration has 
been provided by Slade and Levine, who used the constants of WLF equation to characterize 
the three classes of amorphous systems (see previous discussion). For the systems of the first 
class paragraph i) above/, a change by factor 10 for every 3 °C is recognizable. However, for 
both the second (ii) and the third (iii) class, this stability may show the decrease by a factor of 
10 for any increase of every 6 °C [17]. Sun has done a similar calculation using the derived 
WLF constants knowing that the rate of ice formation in frozen blood cells (prepared during 
the devitrification) increases approximately by the factor 10(T-Tg)/6 (this is a 10-fold increase 
over a 6 °C interval above the Tg). This value matches wonderfully to the second class of 
amorphous systems, which includes water [7]. However, the stability of frozen and 
dehydrated biological cells and membranes, as measured by haemolysis and solute leakage, 
turns up to decrease much slower than expected, roughly at a rate of 10(T-Tg)/15 at temperatures 
T > Tg, (i.e., a 10-fold decrease over 15 °C above the Tg). 

 
8. 7.  Peculiarities of the thermal analysis when applied to cryogenic samples 
 
  The entire study was carried out at two experimental conditions:  
Soft: (i) plants in containers were grown in the natural conditions assured by our 

laboratory and the samples were collected in the middle of winter at the outside temperature 
<-15 °C. The sampled twigs covered in the plastic bags were then placed into the freezing box 
at T = -20 °C. After several days of equilibration, the samples were either further cooled for 
liquid nitrogen storage or prepared for direct thermal investigations in such a way they were 
cut from plants and the measurements were performed on either dormant bud or meristematic 
tissues. The aluminium pans loaded with samples were isothermally transferred into the pre-
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cooled DSC measuring head (Fig. 8.5B) at T = -20 °C helium as a purge gas. Water content in 
samples was assessed gravimetrically. Control plants in a container were slowly thawed at      
T = 4 °C and after the plant was grown in the greenhouse at T = 24 °C, their dormant bud 
vitality was verified.  

In the intense case: (ii) the deep supercooling of samples was guaranteed by PC-
programmable cryostats, which enabled to achieve temperatures of liquid nitrogen when the 
samples were moved to a storage space. For easier obtaining a slow rate of dehydration, we 
often used alginate bead with encapsulated shoot tip during dehydration. The DSC (TA 
Instruments, TA 2920) measurements were then carried out from the temperature of liquid 
nitrogen, which necessitated a specially developed procedure of isothermal transferring 
samples into the DSC measuring head, all kept continuously under liquid nitrogen. The 
representative sample is sealed into the hermetic pans parallel to the cryopreserved plant 
samples. The pans with the plant sample are quench freeze. The samples are transferred in 
liquid nitrogen to the pre-cooled DSC head (Fig. 8.5B) filled with liquid nitrogen. After 
warming up to -140 to -130 °C, the pans (two pans with samples and empty pan as reference) 
are moved to the measuring places by forceps pre-cooled in liquid nitrogen (Fig. 8.5B). Then 
the standard warming rate (10 °C min-1) is applied for heat flow measurement by DSC. By 
this procedure, it is possible to check the glass transition temperature periodically in parallel 
stored samples in liquid nitrogen. A typical procedure for DSC measurements is depicted in 
Fig. 8.5.                           A. 

 
 
 
B. 

Standard  Sample  Storag
e  

Transfe
r  

War
m DSC  preparati

Fig. 8. 5. (A). Procedure of glass checking for plant samples after their certain time of storage in 
liquid nitrogen. Two main procedures are deopuiscted: * plant samples in hermetic sealed pan were 
quench-frozen in the same procedure as cryopreserved samples down to liquid nitrogen temperature. 
**measuring head is warmed up to evaporate excess of liquid nitrogen and pans are fitted to the 
measuring places (B) by pre-cooled forceps. (B). Detail of measuring head for three measuring places 
with hermetic pans in their right positions. Standard warming rate (10°C min-1) is used. 
Abbreviations: LN - liquid nitrogen, RT – room temperature (for more details see text). 
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9.  PROPERTIES OF SOME NATURAL GLASSES:  
AUSTRALIAN OPALS AND CZECH TEKTITE MOLDAVITES 

 
Paul Thomas, Klaus Heide, Jaroslav Šesták, Ekkehard Füglein, Peter Šimon 

 
 
9.1. Origin of natural inorganic non-crystalline solids 
 

Vitreous and amorphous silicates are commonly found on the Earth and lunar surfaces 
in a variety of geological environments. As the vitreous (or amorphous) state is a state which 
contains no structural order, classification of non-crystalline solids is most easily and 
commonly made by relative comparison of the structural framework at the atomic scale and, 
as shown by Trömel [1] in terms of short and long range order which results in four 
generalised states schematically shown in Fig. 9.1.  

The top left corner has the lowest degree of order in the solid state and is defined as 
the amorphous state where there is no long or short range order and represents a dynamic 
condensed liquid-like phase where relatively long scale segmental motion exists. Ductile 
solids and gel like solids may be placed in this category. The bottom right of the diagram 
represents the crystalline state which, of course, contains a high degree of structural order 
both in the short and long range. In between these extremes are degrees of structural order 
which form at the short range and long range and are the topic of discussion of this chapter. 

The glassy state is, in a sense, a specific subset of the non-crystalline state and 
contains no long range order, but its short range order is increased by the freezing of gross 
molecular or segmental motion. The freezing of molecular motion results in a characteristic 
brittleness of the glassy state. A subset of the glassy state is the vitreous state which 
encompasses materials that are cooled rapidly from the melt at a rate that inhibits 
crystallisation. Tektites, such as moldavite, are examples of such materials produced naturally 

 
 

Fig. 9.1. Structural classification of non-crystalline and crystalline solids in terms of long and short 
range order (taken from Ref. [2]). 
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Fig. 9.2. Schematic T-t-plot of glass-forming processes in nature and industry (taken from Ref [2]).

through fusion of rocks and rapid quenching of melts during the high energy impact of 
meteorites with the Earth’s surface. Magmatic and metamorphic processes are also important 
sources of the vitreous state.   

The high temperature processes responsible for the formation of the vitreous state are 
not the only processes which result in amorphous, glassy solids. Low temperature diagenetic 
and biotic processes also result in amorphous, glassy solids; hyalite and ‘potch’ opal (opal that 
is not opaline) are examples. In rare cases, the diagenetic process results in the opaline state. 
The opaline state is a state containing a low degree of short range order while attaining a high 
degree of order at long range. The opaline state is so called because of the ability of the 
ordered long range microstructure to diffract visible light giving the observer the impression 
of dancing colours or play-of-colour (POC) resulting in opalescence. In principle the second 
order structure is not influenced by the primary structure at short range and, hence, the short 
range order at the atomic level may range from the amorphous gel like structures of 
sedimentary opal to the paracrystalline structures observed in volcanic opal.  

Natural inorganic glasses, such as the vitreous glasses or the opaline glasses produced 
by diagenetic processes may be found widely distributed across the Earth’s surface. The 
quantities of these naturally produced glassy solids is dependent on the formation process and 
ranges from micrograms up to kilo tonnes and, hence, the occurrence is from microscopic 
glassy inclusions to “glassy mountains” [3]. Much of the natural glasses are vitreous materials 
which have been quenched from the melt. The thermal history of glass forming processes in 
nature varies significantly from the conditions used in the glass industry which are optimised 
between processing speed and energy conservation (Fig. 2). In the extremes, tektites like 
moldavites are formed by extremely fast heating and melting at very high temperatures (> 
3000 K) with consequent extreme cooling rates (≥ 106 K/sec). By contrast the formation of 
amorphous glasses from mineral diagenesis or biotic processes occurs at ambient 
temperatures; the formation processes are essentially isothermal and take place over long 
periods of time of the order of months to years or at extremely low cooling rates (K/year) 
(Fig. 9.2).  

In contrast to industrially produced glass, the chemical composition of the majority of 
natural vitreous glasses is silica rich (> 70 % SiO2), peraluminous (i.e. Al2O3 > Na2O + K2O + 
CaO) and is principally characterized by a rhyolitic composition. The low diagenetic or biotic 
glasses tend to have even higher silica contents which can approach 99% of the anhydrous 
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composition and are also peraluminous. The high silica and alumina content of natural glasses 
results in chemical and physical properties which differ significantly from industrial glass, 
including glass transformation, nucleation and crystallization, the H2O content and long time 
durability. For example, water contents range from 0.01% in tektites to between 3 and 13% 
(or greater) in opaline “glasses” which compares with approximately 0.2% in industrial glass.  

The vitreous or amorphous state is inherently frozen-in thermodynamically as there is 
a tendency towards crystallisation or devitrification as well as the potential for weathering. 
Industrial glasses are susceptible to weathering and degradation at relatively short periods of 
time (<1000 years). Specimens of natural vitreous or amorphous materials, however, are 
known to have significant durability. For example, in relatively inert environments, such as on 
the surface of the moon, vitreous solids have existed for more than a billion years. This 
inherent stability may be ascribed to the high silica and low alkali content of natural glasses. 

Given the extremes of formation, durability and property of natural glasses, this 
chapter focuses on two types of natural vitreous or amorphous solid states which correspond 
to two of the four structural orders discussed above; Australian opal which has the opaline 
structure and the tektite moldavite which is a vitreous glassy material. Both of these materials 
are rare non-crystalline materials and are prized primarily for their aesthetic value and for use 
in jewellery. 
 
9.2. Australian Opal 
 

The history of opal is a little confused by the current and historical meaning of the word 
“opalus” or its modern Latin derivative opal. Some texts suggest that opal as a gemstone has 
been mined and valued since Roman times. It is however likely that Roman opal refers to a 
number of glassy minerals showing brightness [4]. The first recorded systematic mining of opal 
(in its current meaning) began in the 17 century in north-eastern part of Hungarian Empire which 
is now Eastern Slovakia. Precious opal, that has the opaline structure and displays opalescence or 
play-of-colour, became an important and popular gem of the Royals of Europe during the 18th 
and 19th Centuries when the Slovakian mines were at their most productive.  During the 19th and 
20th Centuries commercial opal deposits were found in Australia, which has since dominated 
world opal production, Mexico, Peru, Brazil, Honduras and Indonesia amongst other localities.   
 
9.2.1. Basic geology of Australian opal 

In Australia, the commercial production of precious opal occurs mainly in the 
sedimentary environments and accounts for as much as 90% of total world precious opal 
production [5]. The distinction of the sedimentary environment is important as the 
sedimentary nature is a predominant characteristic of the commercial Australian opal fields. 
Most of the production from outside Australia is derived from volcanic environments and, 
hence, volcanic host rocks such as andesite and rhyolitic tuff [6-8].  

The Australian sedimentary geological environment is associated with the Great 
Australian (Artesian) Basin (GAB); the opal forms within the weathered sedimentary profiles 
that make up the GAB. In Coober Pedy, South Australia, for example, the opal-bearing 
stratum consists mostly of clay stones that form the Stuart Range, an east facing escarpment 
along the western margin of the GAB. Opal is found associated with the chemically 
weathered rocks that comprise the Bulldog Shale which is part of the Marree formation and is 
of early Cretaceous age. The Bulldog Shale is subdivided into two stratigraphic units; an 
intensely weathered and bleached claystone (called sandstone by the miners) and an 
unweathered to partly weathered claystone. Precious opal is most often found at the interface 
between these two stratigraphic units. Whilst this is a simplified description of geology of 
opal deposits, a correlation between these layered weathered profiles and the profiles in the 
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(a) 
 

other South Australian fields as well as in the Lightning Ridge (NSW) and White Cliffs 
(NSW) opal fields is evident [9]. 

Similar features are found in the main opal producing volcanic environment in 
Australia in the Tintenbar district of north eastern NSW. The occurrence of the Tintenbar 
‘volcanic’ opal represents, commercially, the largest producing district of volcanic 
environment precious opal in Australia, although its production is small when compared to 
the sedimentary environments. In Tintenbar, the opal is associated with the decomposed 
basalt of the Lismore Basalt and part of the Lamington Volcanics of Miocene age. In this 
area, the Lismore volcanics consist of three distinct volcanic flows. The precious opal occurs 

   
 
 (b) (c) 

 
Fig. 9.3. (a) Image of the mullock heaps (mine tailings) around the 3 foot holes in Coober Pedy 
(left), and examples of rough cut opal specimens from Andamooka, South Australia (top right) and 
Koroit, Queensland (bottom right). SEM micrographs of hydrofluoric acid vapour etched fracture 
surfaces of (b) a Coober Pedy white play-of-colour (POC) opal and (c) a Tintenbar crystal opal 
(taken from Ref [14]).
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mainly near the junction of the first and second basalt flows as loose nodules in the soil and as 
amygdales in the decomposed vesicular basalt [10-11]. 
 
9.2.2. Origins of the silica of precious Opal 

Precious or noble opal is prized for its play-of-colour, the origins of which are based 
on the diffraction of visible light off ordered arrays of monodispersed silica spheres [12-13]. 
Precious opal is an unusual material as it is composed of amorphous hydrous silica with the 
general formula SiO2.nH2O, but is precipitated as monodispersed colloidal particles from 150 
to 400 nm in diameter. The monodispersed colloid is then concentrated by sedimentation, 
evaporation or by filtration under pressure to form the ordered arrays of the monodispersed 
silica spheres that are responsible for the diffraction of light observed (Fig. 9.3b).  

The monodispersed silica colloid is formed through the dissolution and precipitation 
of silica. A likely source of the silica is from the weathering of silicates such as feldspars [13, 
15]. In the weathering model, the source of the silica is the sandstones associated with the 
GAB where the chemical weathering of relatively soluble silicates such as the feldspars 
contained in these sediments results in the formation of an alkaline silica solution. An 
example of such a mineral is potassium feldspar which weathers through the idealised 
stoichiometry:  
 
 2KAlSi3O8 + 3H2O → Al2Si2O5(OH)4 + 2KOH + 4SiO2 (9.1) 
 
by the permeation of ground water through the sediments resulting in kaolinite, dissolved 
silica and an increase in pH through the release of potassium hydroxide. Reported trace 
element distributions in opal from a wide variety of sources are consistent with such a 
weathering model [16-18]. Once the silica is in solution, the enrichment of the solution by 
evaporation or filtration can occur. Increasing the concentration of the silica solution coupled 
with a lowering of the pH through alkali ion exchange with the surrounding clays allows the 
nucleation of primary silica spheres and, subsequent, sphere growth as more silica is supplied 
to the system. The supply of silica in the solution also appears to be a cyclic process as 
generations of growth rings are observed in the silica spheres (Fig. 9.3(b)). Once the 
monodispersed silica colloid has reached a suitable size, concentration of the silica colloid is 
then required and in certain cases, ‘crystallisation’ of the monodispersed colloid occurs to 
form the ordered arrays which results in the prized play-of-colour. The interstices are 
subsequently in-filled with a silica cement completing the formation of the opal producing a 
hard material which, despite the gel-like structure, has a Berkovich hardness of 5.7 to 6.2 GPa 
which is similar to that of soda glass (6.4 GPa), but, as might be expected for a gel like 
material, is significantly less than that of fused silica (10.8 GPa) [19]. 

Although the weathering model is important in aiding the understanding of the 
formation of opal, a number of other models have been proposed to account for specific 
observations in specimens acquired by the authors of these models. Examples of such models 
are the “microbial” model where microbes have been observed in Lightning Ridge matrix 
specimens suggesting that microbial action is responsible for the source of the silica [20], the 
syntechtonic fluid model where high pressure, warm hydraulic silica rich fluids are the silica 
source [21] and the mound spring model where the silica rich alkaline waters derived from the 
artesian basin well up through the mound springs supplying the silica rich solutions required 
for opal formation [22]. Although these models source the silica from different origins, the 
formation of the monodispersed colloid must occur by homogenous precipitation followed by 
a concentration mechanism such as evaporation, filtration or sedimentation. 

A sedimentation mechanism for the formation of opal does have some support [18, 
23]. Elemental distributions in banded opal have suggested that although the bands must be 
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Fig. 9.4. X-ray diffraction patterns for (a) a Coober Pedy white play-of-colour (POC) opal and (b) a 
Tintenbar crystal opal. The Tintenbar opal show peaks characteristic of opal-CT while the 
amorphous ‘hump’ of the Coober Pedy opal is characteristic of opal-AG [28]. 

formed from the same solution (e.g. constant aluminium concentrations across bands), the 
variation in ion concentration between bands of highly charged metal ions suggests that the 
bands form by flocculation of the silica colloid. Leisegang type phase separation (repeating 
colour rings) on precipitation of the silica may also explain the concentration variations of 
trace elements between bands. 

The ‘sol-gel’ nature of the formation of opal is responsible for the hydrous gel-like 
structure of the silica and as a consequence opal contains a significant proportion of water 
much of which is reported to be molecular [24-25]. Four types of water have been postulated; 
molecular water surface adsorbed (e.g. pore), bulk cage molecular water, surface silanol water 
and bulk silanol water [15]. Quantification of the amount of each species has proven to be 
difficult; however, Langer and Flörke [25] from their infrared spectroscopic studies suggested 
that approximately 90% of the water contained in sedimentary opal was present as molecular 
water which confirmed Segnet et al’s [24] postulation based on the calculation of surface area 
of the spheres that comprised play-of-colour opal. Further confirmation has been supplied by 
29Si NMR measurements where approximately 10% and 26% of the water was estimated to be 
in the form of silanol groups in Coober Pedy white POC opal and Tintenbar crystal opal, 
respectively [26-27]. Thermal analysis has also demonstrated the presence of a significant 
proportion of molecular water in both volcanic and sedimentary opal [28].  
 
9.2.3. Morphology of Opal 

The environment in which opal is formed is important as can be discerned from the 
differences in physical properties of opal derived from the volcanic and sedimentary 
environments and, in particular, the morphology of the opal [7, 14, 28]. In general, hydrous 
opaline silica has been found to occur with a range of morphologies which, based on x-ray 
diffraction (XRD) measurements [29], were originally divided into three categories; 
crystalline opal predominantly composed of cristobalite, opal-C, partially crystalline opal 
containing XRD characteristics of cristobalite and tridymite, opal-CT, and amorphous opal, 
opal-A. Subsequent analysis by Langer and Flörke [25] resulted in a sub-division of opal-A 
into two further categories, amorphous network silica, opal-AN (e.g. hyalite), and an 
amorphous gel silica, opal-AG (e.g. precious opal displaying play-of-colour), based on their 
relative proportions of water and appearance. These forms of silica are related by their relative 
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Table 1.  
Physical properties of sedimentary opal-AG and volcanic opal-CT. 
 
 Sedimentary Opal Volcanic Opal Refs. 
X-ray Diffraction 
(XRD) Opal-AG Opal-CT [25, 29] 

Crystallinity Amorphous Partially crystalline [25, 29] 
Density ~ 2.15 ~ 2.00 [36] 

solubility in water and their thermodynamic stability resulting in an Ostwald like succession 
for formation: 
 
 Opal-AG → Opal-CT → Opal-C → microcrystalline quartz (9.2) 
 
which occurs under low temperature solution diagenesis [15, 30-33]. Australian sedimentary 
opal, opal-AG, may be considered as the first generation of silica formed by these low 
temperature aqueous processes as it is the first of the ‘pure’ silica phases that are produced 
from the weathering of basic aluminosilicates. Both sedimentary and volcanic opals typically 
contain approximately 1% trace element impurities based on the mass of silica present 
[16,18].  

Opal derived from volcanic environments is generally found to have the opal-CT 
morphology. This significant difference in morphology demonstrates the significance of the 
environment on the formation of opal as can be seen from the typical XRD patterns shown in 
Fig. 9.4 [14, 28]. Although volcanic opal may be categorised as opal-CT based on the XRD 
data, the designation of volcanic opal as a second generation silica polymorph is contentious. 
As volcanic opal displays play of colour, it contains a monodispersed ordered array of silica 
spheres (Fig. 9.3c). This fact suggests that a monodispersed colloid is the precursor of the 
opal which suggests homogeneous precipitation and, hence, a first generation silica [14, 28]. 
Higher generation opal and silica polymorphs are formed as the equilibrium concentration of 
silica reduces; the solubility of each phase decreases according to the order represented by Eq. 
(9.2). The first generation of silica in Eq. (9.2) should, therefore, be extended to include 
precious play-of-colour volcanic opal-CT in addition to opal-AG as being formed by 
homogeneous precipitation with later generations formed through a heterogeneous nucleation 
and growth mechanism.  

 
9.2.4. Physical properties of sedimentary and volcanic Opal 

A number of observations and features distinguishing opals from the sedimentary and 
volcanic environments have been reported and are listed in Table 9.1. The water content of 
volcanic opals tends to be in the range 10 to 20% by mass while for Australian sedimentary 
opal the range is lower at circa 6 to 10% [12, 24-25, 34]. In keeping with the higher water 
content of volcanic opals, the refractive index is also lower for the volcanic opals [35]. 
Another interesting difference is the relative density [36]. Although the volcanic opals have a 

NMR Less Q2, Q3 More Q2, Q3 [26-27] 
Water content 4% – 9% 9%-18% [25, 35] 
Water Types - Silanol More silanol - OH Less Silanol - OH [25-27] 
Water Types - 
Molecular Less Molecular – H2O More Molecular – H2O [25-27] 

Refractive Index 1.42 -1.45 1.40 – 1.42 [35-36] 
Strong emission @ 2.65eV, 
excitation @ 5.0eV Photoluminescence Negligible [36] 
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 (a) (b) 
 
Fig. 9.5. Thermogravimetric analysis data for Coober Pedy (sedimentary origin) and Tintenbar 
(volcanic origin) opals; (a) mass loss data, (b) differential mass loss (DTG) data, heated to 1000oC 
at 1K/min in an air atmosphere (taken from Ref [28]). 

higher degree of order (i.e. opal-CT), the density of volcanic opal is usually around 2.00 
g/cm3 while for the amorphous sedimentary opals the density is higher at 2.15 g/cm3. It is also 
interesting to note that sedimentary opals tend to be fluorescent while volcanic opals are not 
[36]. A further significant difference is in the manner in which the opals etch. Hydrofluoric 
acid (HF) vapour etched fracture surfaces of a Coober Pedy and a Tintenbar opal are shown in 
Fig. 9.3. Both opals show the distinct ordered array with the significant difference that it is the 
silica cement that is etched in the sedimentary opal while it is the spheres that are etched in 
the volcanic opal, a feature that has also been reported for Ethiopian and Mexican volcanic 
opal [37].  

Thermogravimetric analysis has also shown significant differences in the character of 
the structure of sedimentary and volcanic opals. Coober Pedy white POC opal and Tintenbar 
crystal opal have been investigated using thermogravimetric analysis (TG). Mass loss data for 
specimens of each opal are shown in Fig. 9.5a for specimens that have been denoted as lumps 
and powder. Significant differences are observed both between the opal types and between 
lump and powder forms. In order to clarify the presentation of the data, differential TG (DTG) 
curves are shown in Fig. 9.5b. The peak position represents the temperature at which the 
maximum rate of mass loss, which for the opal is the maximum rate of water loss. For the 
Coober Pedy specimens, the peak position (measured as the centre of mass) for the lump 
specimens is at 267oC while for the powder specimens the peak position is at 190oC. This 
significant shift in the peak position is accounted for by the change in the geometry of the 
specimens. As the water in opal is predominantly present as molecular water, the shift in the 
peak to lower temperatures for the powdered specimen may be accounted for by the reduced 
path length required for the diffusion of the water molecules [38-39].  

Further TG and differential scanning calorimetric (DSC) studies have been carried out 
on the CP white play of colour opal by heating to 1640oC (Fig. 9.6). The measurements were 
carried out at a heating rate of 20 K/min. The endotherm in the 1st heating run at 303oC 
corresponds to the maximum water loss and is observed at a higher temperature than in Fig. 
9.5 due to the high heating rate (20 K/min as opposed to 1 K/min in Fig. 9.5). The conversion 
of opal to cristobalite during the heat treatment is observable in the 2nd heating run DSC 
curve, where a sharp endothermic peak is observed at 217oC corresponding to the α−β 
cristobalite transition. It is likely that this crystallisation is occurring from 1166oC where 
exothermic behaviour is observed in the 1st heating run DSC curve. This relatively easy 
crystallisation along with the amorphous peak centred on the cristobalite peak at 22o 2θ 
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Fig. 9.6 (left) TG and DSC data of the CP white play-of colour opal heated to 1640oC at 20K/min in 
an air atmosphere. The 2nd heating run shows the � � cristobalite transition at 217oC suggesting 
crystallisation has occurred corresponding to the exotherm observed above 1166oC in the 1st 
heating run. 
 
Fig. 9.7 (right) Water release from Coober Pedy white play-of-colour opal under high vacuum 
between 20°C up to 1000°C at a heating rate of 10 K/min. The water loss corresponds to 99.63 
wt% of the total mass loss. The spiky release of water between 456°C and 689°C is 0.29 
wt% and between 1024 and 1219 °C is 0.08 wt% and corresponds to sudden releases from 
enclosed pores or fluid inclusions. 
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Fig. 9.8. Hydrogen release with a maximum of 877°C and methane release with a maximum at 
100oC for the Coober Pedy opal studied in Fig. 9.7.  

suggests that the opal-AG (amorphous sedimentary opal) is tending toward the cristobalite 
structure. It is also indicative of the high silica content and low alumina content of opal (circa 
99% and 1%, respectively, of the anhydrous mass). This propensity, however, does give 
credence to the models that suggest that precious opal-CT of volcanic origin is a second 
generation opal and conforms to the Ostwald ripening scheme of Eq. (9.2). 

Although the water loss in Fig. 9.5 and 9.6 for the Coober Pedy white play-of-colour 
opal is apparently through a single peak, the desorption is actually more complex as shown by 
the high vacuum hot extraction DEGAS data displayed in Fig. 9.7 which was carried out at a 
heating rate of 10 K/min to 1400OC. The main peak of desorption is observed around 200oC 
which concurs with the TG data. The DEGAS data, however, also shows shoulder peak 
between 400 and 700oC and continued mass loss up to and beyond 1000oC which also 
corresponds to water loss although trace concentrations of hydrogen and methane were 
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Fig. 9.9. Images of typical Moldavites specimens conforming to the aerodynamic shapes expected 
from the quenching of the molten glass at high velocities. 

detected (Fig. 9.8) amounting to less than 0.4% of the total mass loss. The evidence of higher 
temperature water loss suggests that the structure of the sedimentary opal is not as 
homogeneous as previously implied. It is also notable that the spikes in the data in Fig. 9.7 
correspond to sudden losses which may be ascribed to sudden release from fluid inclusions or 
entrapped micropores in which the pressure escalated beyond the breaking stress of the opal. 
The hydrogen released around 880oC is likely to be derived from micellar decomposition of 
silanols [41], but the methane evolved around 100oC is a little more difficult to explain as the 
temperatures are too low for the micellar reactions inferred for the evolution of hydrogen. It is 
possible that very small proportions of molecular methane are trapped in the gel structure as 
the opal network is formed. 

The characterisation of the materials properties of sedimentary opal and the 
differences in the properties between sedimentary and volcanic opal are important as they aid 
the further understanding of the processes involved in the formation of the opal. In general 
terms, the volcanic opal contains more water and is of lower density than the sedimentary 
opal. This suggests that the volcanic opal has more open structure. The HF etching (which 
will remove material that is more susceptible and, hence, less dense) removes the sphere silica 
in the volcanic opal also indicates a less dense silica network. These differences in properties 
may be associated with the temperature of formation, the concentration of electrolytes or the 
pH of the precipitating solution. The origins of the difference in property are not currently 
clear. However, given the differences in the physical properties observed between volcanic 
and sedimentary opals, the environment must play a clear and important role in the formation 
of opal.  
 
9.3. Tektites – Moldavites 
 

‘Moldavites’ (in Czech terminology “vltavín”) are specific forms of tektite which are 
prized for their unique shape, clarity and distinctive greenish colour resulting in a fascinating 
and beautiful gemstone [42-43]. It is one of the rarest “minerals” on the Earth, and was first 
found in a few limited areas in the south of the Czech Republic. Moldavites were described as 
early as in 1787 when they were listed among precious stones (used in jewellery which continues 
to the modern day) and are classed, by believers, as among the most powerful gemstone tools for 
spiritual expansion of consciousness and self-discovery (often associated with the legendary 
“Stone of the Holy Grail” - fallen from the sky and being a talisman for healing the Earth [44].  

Tektites are centimetre to decimetre-sized bottle green to blackish glassy “bodies”. 
Tektite is derived from the Greek, tektos meaning molten and tekein to melt. They are found 
in gravels ranging in age from upper tertiary to alluvial in the Radomilice area, Chlum near 
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Fig. 9.10. The Moldavite strewn field showing the asteroid impact sites and regions where 
moldavites of consistent chemical composition are found (taken from Ref. [49]).  

the Moldau river in Moravia, Bohemia, Czech Republic (Moldavites), in Lusatia, Saxonia 
Germany, in Indochina, Vietnam, Thailand, Malayan Peninsula, Java, Flores, Billiton, 
Borneo, Philippines, Australia and Tasmania (Australites), in Zhamnanshin (Irghizites) 
Kazakhstan, Ouellée on the Ivory Coast in Africa, Texas and Georgia in the United States 
(Bediasites). Microtektites (vitreous/crystalline spherules < 500μm) have been found in deep-
sea deposits in the Gulf of Mexico, Caribbean Sea, north-western Atlantic Ocean and on 
Barbados. The chemical composition of microtekties is closely associated with the North 
American tektites. Transparent colourless to pale brown microtektites are also found 
associated with clinopyroxene spherules in the western Pacific and Indian Ocean in the upper 
Eocene marine deposits [45]. 

The origin of tektites was intensively studied and discussed in the last century, 
particularly in the latter decades, with respect to the mass extinction during the short time 
event known as the Cretaceous – Tertiary boundary. The discussion was dominated by two 
alternative origins of tektite material: the Terrestrial Impact Theory (TIT) and the Lunar 
Volcanic Theory (LVT) [46-47]). As Izokh [46] noted the TIT “won a complete victory over 
O’Keefe’s [47] Lunar Volcanic Theory” and, currently, the majority of scientific community 
discusses the origin of tektites and mass extinction event on the basis of TIT as, in particular, 
the chemical evidence supports the formation of tektites from terrestrial rocks and soils [48].  

The terrestrial impact theory is based on the significant transfer of energy from 
impacting asteroids with the earth’s surface. As asteroids are massive, impact with the earth 
surface produces high energy collisions and high pressures and temperatures in the impact 
zone which results in the fusion and vaporisation of the material around the impact zone. The 
energy of these impacts was such that fused and vaporised material was catapulted out to near 
space. As this material returned to earth, it rapidly cooled and solidified with an absence of 
gaseous inclusions (although vacuous inclusions are observed). During the quenching process 
the solidifying phase was generally shaped aerodynamically and as the molten droplets were 
spinning, a range of bizarre shapes; plate, spheroid, rod, dumbbell, teardrop, star, curly, 
winkled and bubble, were produced (Fig. 9.9). As these particles were returned to earth, the 
particles were distributed by aerodynamic transport over large areas on the Earth-surface in 
strewn fields. The tektites found in particular strewn fields are postulated to have been derived 
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Table 9.2.  
Typical chemical compositions of Moldavites  
 

Oxide Moldavites 
[49] 

Australites Microtektites Obsidians Utah, 
[52] Australasian Yellow Stone Park, 

Island n= 69 n = 32 [45] 
[53 p. 183] 

SiO2 79.0 73.1 72.0 75.0 
TiO2 0.3 0.7 0.8 0.11 
Al2O3 10.3 12.2 13.6 12.5 
Fe2O3 - 0.6 - - 
FeO 1.7 4.1 4.9 1.0 
MgO 2.1 2.0 2.4 0.03 
CaO 2.5 3.4 3.6 0.6 
Na2O 0.4 1.3 0.6 2.9 
K2O 3.4 2.2 1.9 5.1 
P2O5 0.06* - - 0.1 
H2O < 0.02+ - - 0.3 
*[54], +[55] 
 

Table 9.3 
Element ratios of tektite and impactite and for several terrestrial and lunar materials. 
 
Material K/Sc K/Rb K/Zr K/Cs K/Ba K/U Ti/Zr Cr/Ni Rb/Zr Ba/Rb Ba/Zr 

Moldavite            
7.180 271 145 2.010 49 12.550 8.60 1.50 0.54 5.86 3.01 T8201* 
6.400 240 135 2.060 45 12.200 8,60 1.40 0.56 5.64 3.10 Average 

Earth 
6.000 247 240 10.500 50 14.000 6.85 0.91 0.97 4.94 4.8 Average 

granite 
Earth 

10.700 179 49 - 358 23.800 6.81 17.5 0.27 O.50 0.14 Average 
sandstone 
Moon 4.37 296 5,93 6.920 9.43 2.515 129  0.020 31.4 0.63 
bulk 
Apollo 15 

- Green glass 345 7.33 - 11.1    0.0264 31.0 0.82 

Apollo 12 - 327 3.88 - 6.7    0.0086  0.58 
fines 

* [51]  

from the same impact event due to the high degree of compositional homogeneity within an 
individual strewn field (Fig. 9.10. [49]).  

The impact-formed or metamorphic glasses have a significant durability. The age of 
impact-formed glasses at the earth’s surface has been determined to be between 700000 years 
(australites) and 34 million years (bediasites). In a more inert environment such as at the lunar 
surface, durability of the metamorphic glasses has been demonstrated by glass spherules 
which have been aged at more than 2 billion years. In general, recovered specimens of tektite 
have been observed to be resistant to hydration or devitrification of the bulk [50]. Only a 
characteristic corrosion of the surface is observed at the Bohemian tektites - the moldavites 
[42]. 
 
9.3.1. The chemical composition of Tektites 

The content of main elements of tektites is similar to the terrestrial volcanic glasses, in 
particularly to the obsidians. In terms of the geochemical nomenclature the “tektites” are 
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Fig. 9.11. (left) Thermal expansion of (a) obsidian, (b) Bohemian moldavite first heating, (c) 
Bohemian moldavite second heating, (d) Mahren moldavite and (e) fused silica (heating rate: 5 
K/min) (taken from Ref [56]). 

 
Fig. 9.12. (right) Density changes as a function of the cooling rates for known thermal histories are 
plotted to allow estimation of the cooling rates of the natural glasses during formation (taken from 
Ref [57, 58]). 

peraluminous (Al2O3> Σ(Na2O + K2O + CaO) rhyolitic glasses (SiO2 > 70 wt%). The 
composition of a selection of tektites is given in Table 1. Although tektites have a similar 
elemental composition to volcanic rhyolitic glasses such as obsidians, a remarkable difference 
in the water content exists between tektites and obsidians (tektites < 0.01 wt%, obsidians > 
0.1 wt%) and in the redox state ( in tektites Fe2+ >>> Fe3+, in obsidians Fe2+ ≥ Fe3+). 

For the evaluation of the origin of natural materials, the trace element ratios are 
important tools. Correlation coefficients of geochemical well known pairs show a clear 
distinction between different bodies of the solar system. By these ratios (e.g. K/Sc; Ba/Zr, 
La/Yb), the tektites are chemical indistinguishable from terrestrial materials providing 
evidence that tektites originate from terrestrial materials and are likely to be of sedimentary 
origin (Tables 2 and 3 ) [50].  

 
9.3.2. Physical properties of Tektites 

The thermal properties of tektites are most easily characterised by the thermal 
expansion. Fig. 9.11 shows the thermal expansion of a series of natural glasses showing that 
the thermal expansion coefficient α for the moldavite (3.7 x 10-6K-1) is significantly greater 
than fused silica (0.5 x 10-6K-1), but less than that of obsidian (6.3 x 10-6K-1) and soda lime 
glass (7.5 x 10-6K-1) [2, 50]. The comparison with obsidian is most apt as both minerals have a 
similar rhyolitic composition (Table 9.2). The difference in the expansion coefficient is most 
likely due to the relative proportions of sodium and potassium with respect to calcium and 
magnesium within the silica network. The higher CaO and MgO and lower Na2O content of 
moldavites results in a more tightly bound structure resulting in a lower expansion coefficient. 
The glass transition temperature (Tg ~ 780°C) is also observed to follow this trend and is 
approximately 100K higher for moldavite than obsidian.  

Although expansion coefficients of the moldavites are lower than those of obsidian 
and commercial glass due to the high alumina, calcium and magnesia content, the fictive 
temperatures of moldavites tend to be high and are higher than common industrial silica-
glasses. The origins of the high fictive temperatures lies in the initial melt temperature and the 
rate of quenching. The high melting temperature produces a lower density melt which is 
rapidly cooled and, hence, the low density or high fictive temperature is preserved by the 
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Fig. 9.13. (left) TG and DSC data for a moldavite specimen heated at 20K/min in and air 
atmosphere up to 1640oC showing little variation in the mass 
 
Fig. 9.14. (right) Plot of water evolution from a moldavite specimen showing traces of strong 
bounded OH-species released from the sample above 1200°C as water. 
 

thermal history and relaxation of the lower density structure at ~ 600°C occurs as the 
moldavite is heated (Fig. 9.11).  

These origins of the differences in fictive temperature can be confirmed by estimation 
of the cooling rates in the formation of the moldavites. A method for the estimation of cooling 
rates during the quenching of glass, known as the geospeedometric double-density technique, 
was developed by Klöss [58]. The method relies on the difference in density between the 
quenched and thermally annealed specimens of glass which produces a linear relationship that 
can be used to extrapolate to an unknown cooling rate based on a measured density. Fig. 9.12 
plots the relative density of tektite and obsidian glasses as a function of cooling rate (i.e. 
model thermal history). By the regression of data in Fig. 9.12 the natural cooling rate q0 
[K/min] may be determined from the experimental cooling rate q [K/min], a geospeedometric 
coefficient Θ and the determined density change ΔD/D, q = qoe-Θ·(δD/D) . In case of a magmatic 
glass like obsidian the natural cooling rate was determined ~ < 50K/a and for the tektite glass 
> 10K/s (Fig. 9.12).  

Further evidence of the high cooling rates from high temperatures may be gleaned 
from the characteristic intermediate range order which, in glasses, may be defined by the 
magnitudes of two parameters a and f [56]. The “a-value” is a measure of the average 
diameter of typical space-filling polyhedra, which in moldavites are composed of SiO4 and 
AlO4 tetrahedra. This parameter results from the bond length and the ring size; for low-quartz 
a = 0.436 nm and for high-cristobalite a = 0.497 nm. Moldavite has a cristobalite-like 
intermediate structure with a ~ 0.485 nm (industrial silica glass a ~ 0.510 nm). The “f-value” 
characterizes the fluctuations of the intermediate range order. It monitors the “quality” of 
glass structure and can be calculated from the ratio of the “a-value” to the “correlation 
length”. In a homogenous and relaxed silicate glass f is ~ 0.35. Short fusion processes and fast 
cooling increase the “f-value”. For moldavites f ~ 0.46 and is greater than that of a relaxed 
glass. The value of a tending toward that of cristobalite correlates with the quenching of the 
glass from high temperature. The high value of the “f-value” correlates with a rapid cooling 
regime. The values of these parameters for moldavite suggest a short fusion process leading to 
high degree of structural and chemical disorder. Annealing of moldavites by heating up to 
1000°C reduces the fluctuations and especially the mechanical stress.  
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Fig. 9.15. Micrograph of the surface of a moldavite specimen showing bubbles and strias resulting 
from rapid gas release. 

The origins of tektites as rapidly quenched glasses from high temperature melts is 
further supported by the low degree of dissolved gases found in tektites. Mass loss 
measurements at atmospheric pressure show little mass loss up to 1600oC for Bohemian 
moldavites (Fig. 9.13). Additionally, due to the high alumina content, the glass is inhibited 
from devitrifying and, hence, no crystallisation takes place. In the TG experiments some mass 
loss is observed, but it is apparent that a similar mass loss is observed from both the first and 
second heating runs suggesting that mass loss is associated with adsorption of atmospheric 
gases at low temperature. This view is supported by the degassing experiments on these 
Bohemian moldavites. The degassing under vacuum shows even lower gas content and water 
content of the order of few ppm (0.0004 wt% (Fig. 9.14). The degassing experiments were 
carried out using a special high-vacuum-hot-extraction method DEGAS combined with a 
quadrupol mass spectrometer [57]. Analysis was performed using vacuum conditions (10-4 to 
10-3 Pa), a linear heating rate (10K/min) from room temperature (RT) to 1450°C. The gaseous 
species were analyzed in multiple ion detection mode (MID) and correlated with the total 
pressure change in the heating chamber [58-60].  

In contrast to degassing experiments using a Knudsen cell or capillary systems, the 
DEGAS experiments occur under highly non-equilibrium conditions. Under high vacuum, the 
reversibility of decomposition reactions producing volatile products is inhibited due to the 
rapid removal of volatile reaction products. Gas phase reactions are also inhibited due to the 
rapid removal of the gaseous products. The reaction products analysed are therefore more 
likely to be products of the primary decomposition or degassing process. Quantitative 
determination of volatiles is possible by calibration with crystalline materials e.g. for H2O 
from muscovite or CO2 from calcite decomposition. A typical resolution limit for water in 
glasses is approximately 1 ppm H2O. A gas content of 0.0004% fits within the resolution of 
the measurement [60]. The low volatile content of the moldavites is further confirmed in the 
micrograph shown in Fig. 9.15 where a number of bubbles and strias are observed as a 
consequence of rapid gas release during solidification.  
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9.4.  Rare natural non-crystalline solids 
 
 Moldavites and opal are rare natural non crystalline solids, whose primary value is 
aesthetic. Both material types are important both in their as found shapes, in the case of 
moldavite – the aerodynamic forms and colour and in the case of opal – the infilling of void 
seams, cracks and in fossil replacement, and as mineral gems for jewellery. Both of these 
natural “minerals” have an important part to play in the understanding of geological processes 
as their formation is a record of change in the natural environment [61,62]. The tektites, based 
on their models of formation have given an insight into the impact processes that have 
remodelled the Earth’s fauna and flora. The opal is the first step to understanding the 
diagenesis of silica and its mobility. Even though both of these non-crystalline solids are 
formed at the extremes of forming processes, both tektites and opals as forms of silica help to 
enrich our lives [50, 58]. 
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10.  CHALCOGENIDE GLASSES AS MODEL SYSTEMS FOR STUDYING 
THERMAL PROPERTIES  

 
Zdeněk Černošek, Jana Holubová, Eva Černošková 

 
Introduction  
 

Chalcogenide glasses have been intensively studied from the seventieth of 20th century as the 
important new class of promising high-tech materials for semiconducting devices and infrared 
optics. Chalcogenide glasses are formed by chalcogens, stoichiometric chalcogenides, e.g. 
germanium and/or arsenic sulfides or selenides or by non-stoichiometrics alloys which 
composition (and physicochemical properties) can be modified in broad ranges. They have 
unique optical properties – low phonon energies as compareed with oxide glasses, high refractive 
index, infrared luminiscence and so on. The advantage of many chalcogenide glasses is that they 
can be obtained using very simple technologies. 

Besides applicability in many areas outlined above chalcogenide glasses represent excelent 
model materials for thermoanalytical studies. Extremely stable glasses and undercooled melts can 
be prepared, as well as very temperature-sensitive unstable ones. Glass transition temperature can 
be changed easily from subambient temperatures (glassy sulphur, for example) up to 
temperatures over 500 oC (germanium disulphide or diselenide). This make chalcogenide glasses 
ideal candidates for differential scanning calorimetry (DSC) studies, because these apparatus 
operates in mentioned temperature region. 

All chalcogenide glasses used in following studies were prepared by direct synthesis from 
high purity elements (semiconductor purity - 5N elements) in evacuated silica ampoules in a 
rocking furnace and quenched in air or in cold water. Other glasses (organic polymers, oxide 
glasses) were commercial products. 
 
10. 1. Differential Scanning Calorimetry - DSC 
 

The development of differential scanning calorimetry (DSC) technique in last two decades 
was done by introduction of commercially available calorimeters with temperature modulation, 
MDSC, by TA Instruments. Using conventional heat-flux DSC whose heating block temperature 
is sinusoidally modulated and so the sample temperature is modulated in the same manner about 
a constant ramp. The resulting instantaneous heating rate varies sinusoidally about the underlying 
heating rate (average heating rate). The average heat flow is called total heat flow. This one is the 
only quantity that is available and hence it is the only quantity that is always measured in 
conventional DSC experiments. The sample temperature and the amplitude of instantaneous 
heating flow are measured and finally, using Fourier transformation of the experimentally 
obtained data, the quantity termed reversing heat flow is obtained. The nonreversing heat flow is 
the difference between the total heat flow and the reversing heat flow and represents heat flow 
due to kinetically hindered process. Process is called reversing if the system responds in a 
reversible way on the timescale of the experiment (or faster) and nonreversing if the system is 
either too slow to respond reversibly on the timescale of the experiment or if it is irreversible 
altogether (on any timescale). In case of MDSC it means that reversing process is in-phase with 
temperature modulation and nonreversing process with some phase lag is out-of-phase. 

Reversing isobaric heat capacity can be determined by MDSC using the magnitude of heat 
flow and heating rate obtained by averaging over one modulation period. As a complex heat 
capacity has been defined, see [1], the nonreversing heat flow recalculation to the nonreversing 
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heat capacity has also been used. Detailed information about MDSC one can found in [2-5] and 
references therein. 

More recent and from MDSC essentially different technique, StepScan DSC by Perkin-
Elmer, is based on enthalpic method of isobaric heat capacity, Cp, determination adapted to the 
high sensitive power-compensated apparatus. This method allows equilibration of the system 
after each step in a series of small step increases (decreases) in temperature. The area under the 
resulting curve (the total enthalpy change in the step) is evaluated and divided by the temperature 
step to give the heat capacity at the midpoint of the temperature step. Enthalpic changes 
connected with possible kinetic effects are recorded in the timescale during equilibration after 
each one temperature step. StepScan DSC method allows obtaining not only Cp at the midpoint of 
the temperature step but also enthalpic changes connected with slow processes (compare to the 
time of temperature change) after temperature step. As a result two curves are obtained. The first 
of them is the temperature dependence of Cp (reversible part) and the second one is the 
temperature dependence of slow processes’ enthalpy changes (irreversible part); these parts have 
been termed by Perkin-Elmer as thermodynamic and kinetic ones, respectively. 

The result obtained by StepScan DSC seems to be close to this one obtained by MDSC, but 
two crucial differences should be stressed. Firstly, when TMDS is used, the sample temperature 
is continually periodically changed, aside from the extent of possible kinetic effects, whereas in 
the case of StepScan DSC the software-controlled variable isotherm duration allows the sample 
to achieve the state close to the thermal equilibrium at each temperature step. Secondly, no 
special mathematical operation, like Fourier transformation, is needed to obtain results by 
StepScan DSC.  
 
10 .2. Glass transition 
 
10.2.1. Capability of conventional DSC, temperature modulated DSC (MDSC) and StepScan 
DSC for the glass transition phenomenon study 

Bulk glass of As2S3 was used as the model glass. The power-compensated differential 
scanning calorimeter Pyris 1 operated with Pyris software (both Perkin-Elmer) capable of 
working in all three modes under study was used. 
DSC mode was used with heating rates successively 1, 10, 20, 50 and 100 K/min. For 
experimental curves, see Fig. 1. 
 Dynamic DSC (DDSC) is the Perkin-Elmer version of MDSC. To avoid possible confusion 
the MDSC will be used as a common mark for temperature modulated DSC, despite of 
calorimeter manufacturer. Dynamic mode operated with saw-tooth modulation was used with 
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period 40 s, temperature amplitude 0.75 K and heating/cooling rates 2/-1, 4/-2 and 10/-5 K/min. 
These experimental conditions correspond to underlying heating rate 0.5, 1.0 and 2.5 K/min, 
respectively. For temperature dependence of reversing CP, see Fig. 2. 
StepScan DSC experiments were carried out with temperature step 1 K, heating rates in the 
temperature step successively 1, 10 a 100 K/min and isotherm duration either 60 sec. or with 
maximal allowed heat flow difference ± 0.1 μW per approx. 2 sec. before next step. The 
experimental set up corresponds to average underlying heating rate 0.50, 0.91 and 0.99 K/min, 
respectively. For results, see Fig. 3. 

In the glass transition temperature range the influence of three available DSC methods on the 
determination of glass transition temperature, Tg, was studied. Tg was determined as a 
temperature of half-change of heat flow (DSC) or isobaric heat capaciy, ΔCp, (MDSC, StepScan 
DSC). Results are collected in Fig. 4. 

The Tg dependence on the heating rate obtained by conventional DSC was significant as it is 
well-known and is discussed elsewhere [6-14]. 
  Results obtained by MDSC show still distinguishable dependence of Tg on heating rate (more 
correctly on underlying heating rate) even though these rates are slow at all. The Tg values are 
from 10 oC up to 22 oC higher comparing with conventional DSC results at the comparable 
heating rates. Furthermore, it must be stressed that with increasing underlying heating rate 
besides the glass transition temperature also temperature dependence of isobaric heat capacity, 
Cp, has been shifted up but without changing of isobaric heat capacity change at glass transition, 
ΔCp, see Fig. 2. 

From above mentioned follows that experimental MDSC dependencies have been moved up 
in both axis when underlying heating rate increases. It means that MDSC requires both careful 
calibration and choice of experimental set up. It is well known that both Tg and Cp depend not 
only on frequency but also on amplitude of temperature modulation (it means on mean rate of 
temperature change). It seems to be clear that MDSC reversing heat flow is in fact not fully in 
phase with the temperature change. The permanent periodical change of sample temperature 
probably causes that sample is not close to thermal equilibrium, especially in the case when 
reversing process is attended by some slow nonreversing one. The glass transition is one of 
typical examples. 

The values of Cp given by StepScan DSC are independent on the average heating rate and in 
consequence of that Tg value remains unchanged, see Figs. 3 and 4, and also [15]. 
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Average heating rate is governed both by the temperature step heating rate and duration of 
following isotherm. The isotherm duration is variable, depending on the amount and average 
relaxation time of kinetic processes at the given temperature. It means that the average heating 
rate of the one step can differ more or less from the other one at every heating-isotherm step. It 
can be simply said that in every step the StepScan DSC method will wait for termination of all 
processes being slower then experimental time of the temperature step, of course within the 
instrument sensitivity. As follows, the heat flow of nonreversing (kinetic) process is effectively 
separated from reversing (thermodynamic) one and so the temperature dependence of isobaric 
heat capacity, and from it Tg, can be determined without influence of both thermal history of 
glass and experimental conditions. 
 
10.2.2. Enthalpic relaxation and the glass transition 

The glassy state is generally the non-equilibrium one and is characterized by an excess of 
thermodynamic properties (e.g. enthalpy, entropy, volume). The as-quenched and thus non-
equilibrium glass seeks to attain a lower energy metastable equilibrium especially if this one is 
held at temperature not too far below the glass transition temperature. This time dependent 
variation in physical properties following glass formation is called structural or enthalpic 
relaxation if the change of enthalpy is the studied thermodynamic property [16]. While the glass 
transition has been described as “fast” process associated primarily with the vibrational degrees of 
freedom, the subsequent slow structural relaxation is connected with a change in the frozen liquid 
structure [17]. So the relaxation kinetics of glasses is determined not only by the thermodynamic 
temperature, T, but also by the instantaneous structure of the glass, which is characterized by 
fictive temperature, Tf, firstly introduced by Tool [18]. The fictive temperature is defined as the 
temperature at which the observed value of an intensive property would be the equilibrium one. 
During relaxation Tf approaches relaxation temperature Tr. In the metastable equilibrium Tf = Tr 
and the departure from equilibrium is measured by |Tf – T|. The initial non-equilibrium state of 
glass is not unique but depends on the conditions of glass formation and the relaxation process is 
strongly influenced by the complete thermal history of glass. 

Besides the great interest of structural relaxation the considerable attention has paid to the 
glass transition. Historically, the glass transition has been observed in undercooled liquids and, 
therefore, is regarded as a characteristic property of liquids. Later experiments, however, showed 
that this phenomenon is quite common for non-crystalline materials prepared by various methods 
other than traditional liquid cooling, see [19] and references cited in. 

The glass transition temperature is ”defined” by various inconsistent manners, for example: 
i) The glass transition temperature denotes a temperature for which relaxation time in the 

supercooled liquid become longer than typical observation time. The ratio between these two 
times, the Deborah number, is approximately unity for T = Tg. (Prophetess Deborah declared that 
what appeared to mortals to be stationary are not necessarily so to an eternal deity.) 

ii) The glass transition temperature is the one at which the viscosity of the supercooled 
liquid reaches 1013 Poise. It is important to note that the viscosity is continuous through Tg, 
exhibiting any of the discontinuities observed in heat capacity [20] and thus this definition has no 
physical meaning. 

iii) The glass transition temperature is the one at which configurational entropy vanishes 
during melt cooling. 

Notwithstanding these ”definitions” the glass transition is characterized by a gradual break in 
slope of extensive thermodynamic variables (enthalpy, entropy and volume). The region over 
which the changes of slope occur is termed glass transition region. This region is usually 
characterized by midpoint temperature called glass transition temperature, Tg. Continuous change 
of extensive thermodynamic variables through the glass transition implies that there must be a 
discontinuity in derivative variables at Tg, such as a heat capacity or a coefficient of thermal 
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expansion. Such differences are used to distinguish two classes of glass forming liquids - strong 
and fragile [21]. For review on supercooled liquids and the glass transition refer to [22] and 
references cited in. 

It is well-known that Tg is not regarded as a material constant because when measured for 
instance by DSC it depends on many parameters as for instance heating rate, q+, [6-8], the cooling 
rate, q-, [8,9] and the physical aging [7,10,11]. If the Tg is determined by heating the temperature 
obtained often differs from the one from cooling measurement. These values of Tg may vary in 
the range of 10 to 20 % depending on difference of cooling rates and heating rates. 

The nature of the glass transition is very complex and poorly understood so far. It is clear that 
regarding long structural relaxation time relatively to laboratory time scale during measurement 
the material is out of thermodynamic equilibrium. Elimination of this influence of scannig rate on 
determining of Tg was the main aim of some models. Expression relating dependence of Tg on the 
cooling rate was derived by Kovacs [12]. More often the linear dependence of Tg on ln(q+) 
proposed by Lasocka [13] has been used. Extrapolation of the experimental results to q± = 0 
K/min in order to obtain the "correct" glass transition temperature has been suggested [23]. It 
must be noted that logarithmic dependence lacks of physical meaning when q± is less then 1 
K/min or limited to infinity and thus logarithmic model only hardly can be correct. 
 
10.2.3. Enthalpic relaxation - the model 

Enthalpic relaxation (physical aging, structural relaxation) of glassy materials has been 
studied by a number of techniques, but in particular the differential scanning calorimetry (DSC) 
has been used extensively to measure the kinetics of enthalpic relaxation of glasses.  

According to the Tool’s concept of fictive temperature, the specific enthalpy of a glassy 
sample can be expressed as a function of fictive temperature, Tf, and thermodynamic temperature, 
T: 
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where Cpm, Cpg are specific isobaric heat capacities of metastable melt and glass, respectively, and 
To is an arbitrary sufficiently high reference temperature at which the sample is in a metastable 
thermodynamic equilibrium. Narayanaswamy generalized Tool's model [24] by allowing for 
distribution of relaxation time and obtained the following expression for the fictive temperature 
that can be calculated for any thermal history: 
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T is time, MH is a Kohlrausch-William-Watts (KWW) relaxation function: 

( )( ) ,         (3) βξ−=ξ expMH

( ) ( )

β is the non-exponentiality parameter (0 < β ≤ 1), which is inversely proportional to the width of a 
distribution of relaxation times of independent relaxation processes. ξ is the dimensionless 
reduced relaxation time: 
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The contribution to the relaxation time τ(T,Tf), simply τ,  from both the temperature and fictive 
temperature is controlled by a non-linearity parameter x (0 ≤ x ≤ 1) according to the Tool-
Narayanaswamy-Moynihan (TNM) equation [9]: 
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where τ0 is a constant, Δh* is an apparent activation energy, R is the universal gas constant.  
The time course of the normalized molar heat capacity Cp,eff(t), e.g. the DSC measurement output, 
may be obtained from the definition: 
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On the assumption of the temperature independence of Cpm and a linear temperature dependence 
of Cpg 
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and using Eqs.(1)-(6) Cp,eff(t) may be calculated for an arbitrary time-temperature schedule. The 
unknown parameters of the proposed model may be estimated by using the standard non-linear 
least-squares model, i.e. minimizing the target function F: 
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where tmax is the time of completion of the DSC experiment.   
 
10.2.4.  Enthalpic relaxation 

Perkin-Elmer Pyris 1 DSC calorimeter was used for enthalpic relaxation measurements. All 
experiments were carried out without removing the sample from the instrument. To ensure good 
thermal contact of glass and aluminium pan and to minimize thermal gradient inside sample thin 
disks (thickness less than 1 mm) of glassy sample for relaxation study was prepared directly in 
calorimeter. Encapsulated powder of bulk glass (approx. 10 mg) was melted and equilibrated at 
420 oC (Tm(As2Se3) = 375 oC) and subsequently cooled to 50 oC with rate q- = -100 oC/min. Glass 
prepared by such a way was immediately heated by heating rate q+ = +100 oC/min onto relaxation 
temperature Tr. After isothermal relaxation the sample was cooled down to the temperature 50 oC 
by cooling rate q = -100 oC/min. After this the DSC curve was recorded up to 420 oC by heating 
rate q+ = +20 oC/min. This scan was used for computer simulation. Glasses were isothermally 
relaxed at temperatures 145, 150, 155, 160, 165 and 170 oC with duration between 15 minutes and 
35 hours. All in-instrument steps were computer controlled using Pyris 1 software. 

Generally the relaxation enthalpy, ΔH, corresponds to area of so called overshoot on the DSC 
heating scan. The values of ΔH were obtained as a difference between overshoot areas of relaxed 
glass scan and non-relaxed glass one. The relaxation enthalpy, ΔH, increases with increasing time 
(or duration) of relaxation, tr, at every relaxation temperature, Tr, used for isothermal aging. 
Relaxation enthalpy, ΔH, reaches its limit value, ΔHeq(Tf = Tr) after the sufficiently long time, tr, 
at each isothermal relaxation. This means that glass achieves a metastable equilibrium at given 
temperature. The dependence of obtained values of ΔHeq on relaxation temperature is shown in 
Fig. 5. When relaxation temperature decreases the value of ΔHeq increases, but not linearly. At 
relaxation temperatures sufficiently below Tg (Tr ~ Tg - 30 oC) the enthalpy changes from that one 
of non-relaxed glass to the enthalpy of metastable equilibrium of glass and achieves its final value 
ΔHeq

max. This value does not change with further decreasing of Tr, see Fig. 5. For As2Se3 glass the 
maximal enthalpic change is ΔHeq

max(As2Se3)  ~ 6.4 kJ/mol. 
DSC curves were normalized to pass from zero to unity as the sample goes from glassy state 

to the equilibrium undercooled liquid state. When above mentioned model of enthalpic relaxation 
was used and all normalised DSC scans were computer simulated the complete set of parameters 
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Fig. 5 
         The dependence of pseudo-equilibrium value     
        ΔHeq on relaxation temperature Tr. 
        The curve is guide for eye. 

 Fig. 6 
The time dependence of non-exponentiality 
parameter β at relax. temperature 165 oC. 
The curve is guide for eye. 

of TNM model were obtained for each of relaxation. This set contains the parameter of non-
exponentiality, β, non-linearity, x, fictive temperature, Tf, and apparent activation energy, Δh*. 

Non-exponentiality parameter β was found not to be constant in both the time scale of 
isothermal relaxation and the temperature scale of the set of Tr. That parameter increases with 
increasing time of relaxation at every relaxation temperature used. The time dependence of β at 
relaxation temperature 165 oC is shown in the Fig. 6. As one can see, after sufficiently long 
duration of relaxation (when Tf = Tr) the parameter β achieves its final value βeq(Tr) 
corresponding to the metastable equilibrium structure of glass at Tr. 
Value of βeq increases when the Tr decreases, see Fig. 7. Based on these results one can conclude 
that the non-exponentiality parameter is both time and temperature dependent, β = f(tr, Tr).   

It was found that for given relaxation temperature the value of βeq(Tr) is independent on the 
way in which the glass reached its metastable equilibrium at given temperature, Fig. 8. The as-
quenched glass was subsequently completely relaxed at Tf =Tr=165 oC and the value of βeq = 0.86. 

Fig. 7 
         The dependence of parameter βeq (Tf = Tr) on 
         the  relaxation temperature Tr. 
         The curve is guide for eye. 

 Fig. 8 
Qualitative concept of enthalpic relaxation. The 
values of parameter βeq (for Tf = Tr) were 
obtained experimentally. 
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Another sample of glass was completely relaxed at Tf  = Tr = 145 oC  (βeq = 1.00) and after 
temperature jump it was completely relaxed again at Tr = 165 oC. The βeq was then found 0.87, 
within error the same as it was found in previous experiment. It is necessary to emphasize that the 
first relaxation at 165 oC is the exothermic process and the second one is the endothermic process, 
see Fig. 8. 

In the case when the change of the relaxation enthalpy reaches its maximal value, ΔHeq
max (as 

it was mentioned above) the value of βeq 
reached its maximal value βeq

max
 = 1, see 

Fig. 9. 
Non-linearity parameter, x, increases 

as Tf is getting near Tr during isothermal 
relaxation. This parameter was found in 
range 0.60 - 0.75 and these values reflect 
relatively small influence of structure to 
relaxation time. During annealing this 
influence still decreases. 

The apparent activation energy is 
nearly constant and independent on both 
temperature and time of relaxation, 
Δh*(As2Se3) = 263 ± 15 kJ/mol. 

It was found that glass reached the 
metastable equilibrium at each of 
relaxation temperature used. 
Corresponding limiting value of the 
enthalpy change, ΔHeq(Tr), are 
indispensable lower than the expected 
values from linear extrapolation of melt 
equilibrium enthalpy, see Fig. 10. This figure is based on experimental results. At certain 
temperature, To, sufficiently below the glass transition temperature the enthalpy loss achieves its 
maximal value ΔHeq

max. This one is invariant at temperatures lower than To for relaxed glass. For 
As2Se3 glass it was found To ~ 155 oC and ΔHeq

max
 ~ 6.4 kJ/mol. The changes of H(T) of fully 

relaxed glass at temperature lower than To bear on the changes of vibrational enthalpy. These 
changes are the same as for crystal of the same chemical composition because of known fact that 
heat capacities for both the crystalline and glassy states of most of materials are essentially the 
same [20,25,26], except at ultra-low temperatures [25], and arise from vibrational contributions. 
As one can see in the Fig. 9 the curve of metastable equilibrium has the same slope as this one of 
non-relaxed glass. It corresponds with finding that the specific heat is insensitive on the thermal 
history of a glass, see below. All these facts confirm assumption that metastable equilibrium is not 
identical with equilibrium linearly extrapolated of the equilibrium enthalpy above Tg, see Fig. 9. 
This conclusion agrees with some works, published lately [26-28], that linear extrapolation of 
equilibrium enthalpy of the liquid state above Tg to this one below Tg is unrealistic. 

Fig. 9 
The dependence of the parameter βeq on the enthalpy 
change ΔHeq between non-relaxed state of as-quenched 
glass and metastable equilibrium at the same temperature, 
see inset. 

The obtained dependence of non-exponentiality parameter β = f(tr, Tr) need to be interpreted 
in two steps. Firstly the attention was focused on β = f(tr), thus on results obtained from 
isothermal relaxation (Tr = const.). 

The relaxation function, which is frequently simplified by KWW stretched exponential Eq. 
(3), may be expressed by a sum of exponential terms of N individual simultaneous relaxation 

processes [29]:   
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where wi are weighting factors, τ0i are 
independent relaxation times and t is 
duration of isothermal relaxation. In 
the right part of Eq. (9) the KWW 
parameter τo means relaxation time of 
all relaxation processes at actual time t' 
and β reflects the variation of 
weighting factors wi (the distribution 
of relaxation times) in this time. From 
the theories describing structural 
relaxation it follows that the non-
exponentiality parameter is inversely 
proportional to the distribution of 
structural relaxation times. β = 1 
corresponds to a single relaxation time 
and as β decreases the distribution 
broadens. It is reasonable assumption 
that in the course of relaxation to the 
metastable equilibrium, Tf  Tr, the 
number of independent relaxation 
processes decreases in consequence of 
decreasing disorder. Therefore the 
experimentally found growth of 
parameter β during the isothermal 
relaxation, Fig. 6, may be interpreted as a consequence of restriction of relaxation times 
distribution when structure becomes relaxed. 

Fig. 10 
Real enthalpic temperature dependence observed on glass 
during isothermal relaxation at annealing temperatures 
below glass transition. Full lines are calculated from Cp 
measurement during glass formation and points (ΔHeq) 
reflect the results of isothermal relaxation. Compare with 
Fig. 5. 

→

Dependence of non-exponentiality parameter on relaxation temperature, β = f(Tr), is 
interesting especially in case of its limit value βeq, thus for Tf = Tr, Fig. 7. These values, inversely 
proportional to the distribution of relaxation times of glass in the metastable equilibrium, have 
shown namely that with decreasing temperature the metastable equilibrium structure approaches 
the state with only one relaxation time (βeq

max = 1 at the temperature Tr  To). This structure is 
characterized also by a final relaxation enthalpy, ΔHeq

max, Fig. 9, as it was mentioned above. In 
contrast to results mentioned above some researchers found, especially on organic polymers, that 
β decreases when temperature decreases [30,31]. These results are only hardly compatible with 
the idea of structural relaxation. The metastable equilibrium structure becomes denser when 
temperature goes down and the number of independent relaxation processes goes down, as well. 
Consequently distribution of relaxation times becomes narrower and thus β rises up. Also it has 
found that βeq does not depend on fact whether metastable equilibrium was reached by exothermic 
or by endothermic relaxation, Fig. 8. Therefore non-exponentiality parameter of metastable 
equilibrium is path independent. 

≤

It can be concluded that it would be better to express the parameter β dependent on the 
structure of glass than on the time of relaxation tr. While the time increases constantly from the 
beginning of process irrespective of relaxation extent, the change of the structure of glass is finite. 
The change of the structure is described by the change of fictive temperature, Tf. Then one may 
summarize that β depends on thermodynamic temperature and simultaneously on fictive 
temperature, β(Tr, Tf). 
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10.2.5. The description of glass transition 
Conventional DSC measurements were carried out using of DSC 7 calorimeter and stepwise 

technique StepScan DSC was carried on the Pyris 1 DSC (both Perkin-Elmer) with special 
software. Powdered glassy samples (weigh around 4 mg for conventional DSC and 10 mg for 
StepScan DSC measurements, see below) were encapsulated into sealed aluminium pans. 
Conventional DSC scans were done using heating and cooling rates q±  = (1 – 20) oC /min. 
To distinquish results of conventional DSC and StepScan DSC, the glass transition temperature, 
Tg, and ΔCp measured by StepScan DSC are labeled by superscript “eq”, i.e., Tg

eq, ΔCp
eq. 

Typical StepScan DSC traces of As2S3 melt cooling through the glass transition region and 
trace of As2S3 glass heating are shown in Fig. 11. The reversible (thermodynamic) component, Cp, 
and enthalpic change corresponding to irreversible (kinetic) one are separated. 

Fig. 11 
Typical results of StepScan DSC method. On the irreversible part of cooling scan is seen exothermic 
peak (ΔH = -2.16 J/g). On heating scan both exothermic undershoot (ΔH = -1.31 J/g) and endothermic 
overshoot (ΔH = +3.14 J/g) are seen and their difference is within experimental error equal to enthalpic 
change in course of glass formation. Reversible parts (Cp vs. T) are identical for cooling and heating. 

Reversible (thermodynamic) parts are shown in Figs. 12 (including the lead-silicate glass 
NBS 711 [32]) and 13. When glass is formed the exothermic peak is clearly seen in Fig. 11, as 
well as both exothermic undershoot and endothermic overshoot when glass is heated and 
undergoes glass transformation. The temperature of overshoot maximum is always lower than the 
thermodynamic Tg

eq, Tp < Tg
eq, Tab. 1 and Fig. 11, contrary to the conventional DSC where Tp > 

Tg every time. Remind that Tg
eq and Tg

 were determined as the temperature of ΔCp
eq (StepScan 

DSC) and/or heat flow difference, ΔQ, (conventional DSC) midpoint between glass and 
undercooled liquid. 

When the undercooled liquid was cooled to obtain glass, the exothermic change in the glass 
transition region was observed on irreversible component, Fig. 11. Its enthalpy is independent on 
cooling rate within experimental error, contrary to enthalpy of irreversible changes obtained 
during heating. 

Important result shown in Fig. 12 clearly demonstrates that the Cp measurement close to 
isothermal equilibrium when irreversible component is separated removes completely both well-
known hysteresis of thermal capacity and shape difference during heating and cooling. 
Temperature dependence of Cp obtained by this way is independent on both heating/cooling rate 
and thermal history. Similar result was found also for organic polymer [33].  

It is well known that conventional DSC traces obtained during cooling and heating differ 
significantly in the shape and thus also in the value of the specific heat capacity change, ΔCp, e.g. 
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[34-38]. This is also well known that the value of glass transition temperature, Tg, is dependent on 
heating and cooling rate, q+ and q-, and with 
increasing rates, q±, the glass transition temperature 
increases, see e.g. [13,35]. 

Results of conventional DSC experiments 
carried out at different heating or cooling rates are 
in Figs. 13A, B. Part A shows the dependence of 
Tg on the heating rate. It is pointed out, that 
dependence of Tg on heating rate, Fig. 13A doesn't 
need to be logarithmic contrary to Lasocka’s 
proposal [13]. The application of two-phase 
exponential association equation (also known as 
pseudo-first order association kinetics eq.), Fig. 
13A, allows us to extrapolate the Tg values from 
zero heating rate even to the infinity. The values of 
Tg obtained in this manner are more realistic 
compared to application of logarithmic 
dependence. Glass transition temperatures obtained 
by StepScan DSC, Tg

eq, are represented by shaded 
stripe with width of 2*(std. deviation) of Tg

eq, Fig. 
13A. Very surprising is dependence of ΔCp on 
heating and cooling rates obtained by conventional 
DSC, Fig. 13B, which has not been published and 
systematically studied, yet. It shows namely that 
ΔCp determined either from heating or cooling 
scans going to be significantly different when rates 
q± decrease. On the other hand the values of ΔCp

eq 
are practically constant (Fig. 13B, half-filled 
circles, and Tab. 1). In other words, the application 
of new method of measurement eliminates 
influence of thermal history of glass and also 
influence of heating or cooling rate on the glass 
transition temperature, Tg

eq, and on the ΔCp
eq. It 

can be easily shown that the sum of 
thermodynamic and kinetic components is 
equivalent to the conventional DSC scan at the 
same heating rate. 

Fig. 12 
Reversible (thermodynamic) part of the 
glass transition. StepScan DSC. 

According to the results there is directly proposed conception that in the glass transition 
region the glass may be viewed as an equilibrium mixture - supercooled liquid glass. Starting 
from the upper temperature end of a glass transition region when temperature decreases this 
equilibrium moves towards the glass and at the temperature To, see Fig. 10, the supercooled liquid 
completely disappears and vice versa. Temperature dependence of isobaric specific heat in the 
glass transition interval also supports this concept. In the case of studied glass this change of the 
total quantity of ΔCp is also finished practically at the temperature To. The fact that the 
overwhelming majority of studies of the relaxation have been done in the glass transition region, 
e.g. [39], probably due to strongly increasing time-consumption at lower temperatures is worthy 
of remark.  

↔

 Conventional DSC measurements of the glass transition temperature showed that the glass 
transition temperature Tg approaches StepScan DSC Tg

eq in the case of sufficiently high heating 
rates, Fig. 13A. It is clear that the explanation of known heating/cooling rate dependence of the 
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Fig. 13 
A) Heating rate dependence of the glass 
transition temperature, Tg, obtained by 
conventional DSC (full circles). The Tg

eq, 
obtained by StepScan DSC, is represented by 
shaded stripe of width 2*(std. deviation) of Tg

eq. 

 B) The heating/cooling rate dependence of both 
ΔCp (conventional DSC) and ΔCp

eq (StepScan 
DSC). The radius of half-filled circles is equal to 
2*(std. deviation) of ΔCp

eq. 

glass transition temperature should be searched in relaxation times of processes in the glass 
transition region. The temperature dependence of reversible (thermodynamic) Cp, essentially the 
change of vibrational amplitudes, is rapid enough in comparison with experimental time of DSC 
technique and thus this reversible part cannot be influenced by the rate of temperature changes. To 
elucidate the experimental results it is necessary to focus attention on irreversible (kinetic) 
component, because of strong temperature and structure dependent relaxation time τ(T,Tf), simply 
τ. One can expect that this fact should influence considerably the shape of the non-isothermal 
DSC scans. 

The kinetics of isothermal structural relaxation, T = Tr = const., can be expressed: 
 

)T,T(
TT

dt
dT

f

ff

τ
−

≈ .                   (10) 

 
For non-isothermal relaxation kinetics this equation can be rewritten in the form: 
 

)T,T(
TT

q
1

dT
dT

f

ff

τ
−

≈ ,                   (11) 

where q is a heating rate, 
dt
dTq = . 

For the forthcoming discussion on influence of non-isothermal structural relaxation on the 
shape of conventional DSC curve, and thus on the Tg and ΔCp values, refer to Fig. 14. 

Heating scan wil be discussed at first. Provided that (Tf > T)T<Tg, then the glass relaxes 
exothermally toward the equilibrium structure at T. It manifests itself as so-called undershoot on 
the non-isothermal DSC scan, see Fig. 11. On the other hand when (Tf < T)T<Tg the relaxation is 
endothermic and its typical overshoot is found at the temperature above conventional DSC glass 
transition temperature. In the limit case of (Tf = T)T<Tg the glass is in metastable equilibrium. It is 
important to point out here that this is the case only when Tf crosses line T = Tf. At this moment 
exothermic relaxation changes to endothermic one, Fig. 14. 
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Because the relaxation time, τ, 
increases exponentially with decreasing 
temperature so at glass formation 
structural relaxation time is much longer 
than experimental time, τ >> t, for the 
temperatures not much lower than Tg (T 
~ Tg – 10 oC). As a matter of fact the 
fictive temperature of non-relaxed 
glasses is practically always 
substantially higher than thermodynamic 
temperature (Tf >> T). It results in well-
known fact that during glass heating the 
exothermic relaxation (undershoot) can 
be observed in many cases. Its 
magnitude depends on the difference 
between the rate of glass formation (the 
rate of cooling) and the rate of following 
heating. In case of a low heating rates 
the equilibrium structure can be reached, 
(Tf =T)T<Tg, and crossed. In such case 
further increasing of temperature leads 
to departure from equilibrium and 
subsequent endothermic process 
proceeds toward a new equilibrium. 
Thus an overshoot begins to appear at 
DSC scan. Very slow heating of quickly cooled glass, represented by curve 2 in Fig. 14, leads to 
deep undershoot and very small overshoot when conventional DSC is used. Resulting shape of 
DSC scan is known as so-called pre-peak, or sub-Tg peak. Origin of this is unclear up to now, see 
e.g. [40,41]. When non-relaxed or only slightly relaxed glass is heated with sufficiently high rate 
the exothermic undershoot decreases and at the same the endothermic overshoot shifts up to 
higher temperature because the equality (Tf = T)T<Tg is reached at higher temperature, Fig. 14. 

 

Fig. 14 
A schematic drawing of relation between fictive (structural) 
temperature, Tf, and thermodynamic temperature, T. 
Circles indicate the points corresponding to conventional 
DSC glass transition temperatures. Curves: 1 – cooling, 2 – 
slowly heated non-relaxed glass, 3 – quickly heated non-
relaxed glass, 4 – quickly heated glass fully relaxed at Tr. 
See text for details. 

Relaxation kinetics influences not only determination of the glass transition temperature but it 
also crucially affects the value of isobaric specific heat capacity change, ΔCp, in course of glass 
transition. The dependence of the specific heat capacity change on heating/cooling rate is shown 
on Fig. 13B. When the rate, q±, rises up the change of specific heat limits to constant equal to 
StepScan DSC ΔCp

eq, Fig. 13B, in the same manner as a glass transition temperature does, Fig. 
13A. The explanation is simple: when a glass is heated the relaxation proceeds and because the 
quicker heating the lower extend of relaxation and therefore shallower undershoot tends to 
determination of lower value of ΔCp, closer to correct value of heat capacity difference. In the 
case of sufficiently high heating rate the glass almost don’t relax exothermally at the temperature 
below Tg and thus ΔCp ~ ΔCp

eq. 
With regard to conventional DSC cooling scan the explanation is not prima facie so clear. 

During cooling of the melt the exothermic process (relaxation) takes place in and below the glass 
transition region, Fig. 11. Now it should be pointed out that the conventional DSC doesn’t 
measure directly the specific heat but only the heat flow and the later is higher in the glass than in 
the melt. Therefore when melt is cooled and glass is formed the heat flow of exothermal changes 
is subtracted from the growth of heat flow during glass transition, Fig. 15. It leads consequently to 
erroneous lower values of both Tg and ΔCp obtained from conventional DSC cooling scan, as it is 
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demonstrated on Fig. 15. At increasing cooling rates the extent of relaxation decreases and ΔCp 

tends to ΔCp
eq, Fig. 13B. 

The opposite sign of heat flow of the 
glass transition and of the exothermic 
structural relaxation during cooling and, on 
the other hand, the same sign of changes of 
both heat flow components, when the heated 
glass undergos the glass transformation, 
causes the completely different shape of 
conventional DSC traces. These differences 
led to erroneous conclusion that when the 
melt is cooled through the glass transition 
region there is not exothermal counterpart to 
endothermic overshoot. 

From the aforesaid it is obvious that the 
value of glass transition temperature 
obtained by conventional DSC is strongly 
affected by the facts that i) relaxation kinetic 
affects significantly shape of DSC scan, and 
that ii) glass transition temperature is 
actually determined on an ascending part of 
irreversible endothermic overshoot added on 
the reversible Cp(T) dependence.  

Fig. 15 
The influence of exothermic process on the shape of 
conventional DSC cooling scans in course of glass 
transformation. Errors of determination of both Tg 

ΔCp are indicated. and 

The heating rate dependence of the overshoot peak shift is widely used for determination the 
apparent activation energy of relaxation, e.g. [42]. Heating rate dependence of the glass transition 
temperature has been used to find the activation energy of either the glass transition [42-44] or the 
activation energy of relaxation [45]. From aforesaid results it is evident that both relaxation peak 
and Tg shift bear on relaxation and thus it doesn’t surprise that the obtained activation energies of 
relaxation and of glass transition are very close each other. Their difference is caused only by the 
fact that in the first case the peak shift 
and in the second one the shift of the 
ascending part of endothermic overshoot 
is used, but always it is only more less 
good estimation of activation energy of 
relaxation. 
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It’s clear that using conventional 
DSC it is possible only to approach more 
or less correctly the values of Tg

eq and 
ΔCp

eq (characteristic values of reversible 
changes). 

From obtained results follows one 
crucial question whether or not the glass 
transition is the kinetic effect at all. To 
test possibility of solving of this problem 
by StepScan DSC, the heating scan was 
stopped in the glass transition region and 
was continued after 30 minutes isotherm 
(sufficient long time to reach thermal 
equilibrium, because at this temperature 
the mean relaxation time is of order of 

Kinetic heat flow
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  ISOTHERM
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Fig. 16 
StepScan DSC measurements in the glass 
transition range of As2S3 bulk glass. Reversing 
parts are labeled Cp, the nonreversing ones are 
labeled Kinetic heat flow, see text. 
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hundred seconds). At this moment it can be decided whether or not the separation of 
experimentally obtained heat flow into reversing and nonreversing parts could presents only 
software separation of entirely kinetic processes. In such case both reversing and non-reversing 
(kinetic) parts should change during the sufficiently long isotherm. Comparison of results 
obtained without and with inserted isotherm, however, shows clearly that only kinetic overshoot 
disappeared after isothermal dwell whereas the sigmoidally shaped reversing part remains 
unc

 kinetic effects on the sigmoidally shaped glass transition Cp change, for more details, see 
4]. 

10.

[32], poly(styrene-co-acrylonitrile), 
75/

le
rmalization 

rep
e material and the fraction dx 

f glass is transformed to undercooled melt, it is possible to write: 
 

      

hanged, Fig. 16. 
This result, along with previous finding that reversible part (and consequently Tg) depends 

only on the chemical composition of glass [14,15], shows that the commonly used concept that 
glass transition is entirely kinetic process is probably not fully realistic. It should be stressed at 
this moment that well known Tg dependence on the thermal history of glass and on the 
experimental conditions, when conventional DSC is used, can be caused by superimposition of 
the slow
[1
 

2.6.  Modeling the glass transition 
Using StepScan DSC kinetic effects were separated and sigmoidal-shaped curves 

corresponding to the changes of isobaric heat capacity in the glass transformation region 
(reversible part) were obtained for wide class of non-crystalline materials, e.g. chalcogenide 
glasses (As2Se3, As2S3, GeS2, Ge4As4S92, S and Se bulk glasses), oxide glass LiPbPBO 
(40Li2O:10PbO:10B2O3:40P2O5), lead-silica glass NBS 711 

25, PSA, from BASF and poly(ethylen terephtalate), PET. 
On basis of above-mentioned experiment it can be further concluded that the temperature T in 

the glass transition region can be considered to be the equilibrium transformation temperature. It 
means that the reversib  part of the glass transition (Cp vs. T) may be referred to the temperature 
dependence of glass ↔ undercooled melt equilibrium. This dependence after no

resents the temperature dependence of glass → undercooled melt conversion α(T).  
If temperature dependent transformation occurs randomly in th

o

( )dx1d α−=α ,                    (12) 

ar s f m ero to unity (the end of the transformation). Integration of this equation 
yields to:    

 
where α v ie ro  z

( )xexp1 −−=α .                  (13) 

ure of the glass transition region. Substitution of x for 
(T/Tg)n yields to the following equation: 

 
In case of the glass transition, the temperature dependence of the conversion α can be expressed 
by the measurable values as α = (Cp(T) - Cpg)/ΔCp. Cp(T) is the actual value of isobaric heat 
capacity at temperature T, ΔCp is its total change during the glass transition and Cpg is the heat 
capacity of glass at the lowest temperat
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f 
isobaric heat capacities eliminates their temperature dependencies out of glass transition region. 

 
describing well the experimentally obtained data. In this equation T’g is the temperature of 
inflexion point of α vs. T dependence, and n is a steepness parameter. The α vs. T form is more 
suitable for computer fitting then Cp vs. T because the use of degree of conversion instead o
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The applicability of Eq. (14) at the 
description of reversible part of the glass 
transition was tested on many non-crystalline 
materials of a different chemical nature 
mentioned above. The reversible parts of the 
glass transformation process were 
normalized and fitted by Eq. (14). It was 
found that this equation fits the glass 
transition region fairly well in all cases. As 
an example, see Fig. 17.  

From the Eq. (14) it arises that in the 
inflection point (T = T’g) the conversion 
must always be α = (1 - 1/e) = 0.632, where e 
is the base of natural logarithm. Therefore 
when reduced temperature, T/T’g, is used, the 
conversion curves of all glasses studied must 
intersect within an experimental error at α ~ 
0.63. Experimental results are in the 
excellent agreement with this presumption, see Fig. 18. It is evident that the reversible parts differ 
in the shape. The steepness of curves is determined by the value of parameter n in Eq. (14). By 
differentiation of this equation for T = T’g the parameter n is obtained as n = e*dα/d(T/T’g) and it 
is the slope of the glass ↔ undercooled melt conversion curve in the inflexion point. Values of n 
calculated for all materials studied are included into Fig. 19. From it follows that n decreases 
when T’g increases regardless of the chemical composition of glass. It means that if glasses of 
different chemical composition have close values of T’g than th
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Fig. 17 
Normalized reversible part of the glass 
transition (conversion α) of glassy Se and its 
computer fit obtained by Eq. (14). 

e shape of reversible part of glass 
tran

erature 
dep

m

sition will be very similar. 
The physical meaning of parameter n is not still clear, its dependence on Tg' is noticeably 

close to the same dependency of Angell's fragility index m [21,46]. Straight lines with markedly 
different slopes crossing at approx. 150 oC divide the n dependency on T’g into two regions, see 
Fig. 19. From both n and m dependencies it 
follows that undercooled melts of glasses 
with glass transition temperature higher then 
approx. 150 oC are "strong". It means, that 
their viscosity obeys arrhenian temp

endency. However, further experiments 
are needed for detailed n explanation. 

From experimental results it follows that 
the glass transition can be regarded as a 
temperature dependence of a 
glass ↔ undercooled melt equilibrium. The 
semi-empirical two-para etric equation was 
proposed to describe the temperature 
dependence of glass ↔ undercooled melt 
conversion. One of the parameters, T’g, 
determines temperature of inflexion point of 
sigmoidal shaped curve and the second one, 
n, is the steepness at T’g. Applicability of 
proposed equation was tested using various 
non-crystalline materials with very different 
chemical composition. All experimentally 
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Fig. 18 
Normalized reversible parts of the glass 
transition of some studied samples. All 
curves intersect close to α ~ 0.63 for T/T’g. 
Some results have been omitted in order to 
avoid cluttering in the figure. 
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Fig. 19 
The dependence of the glass transition steepness parameter n (circles) and the 
fragility index m (points) [47] on the glass transition temperature T’ . 

obtained reversible parts were fitted fairly well and in agreement with the proposed equation an 
inflection point at α ≈ 0.63 w

g  
 

as found in all cases. The steepness, n
roportional to the glass transition temperature.The temperature of inflection point, T

 

kine

, was found to be inversely 
’g, should be 

 at 

ystallization. Nucleation 

p
used as unambiguously defined glass transition temperature.  

10.2.7.   Ideal glass – Kauzmann temperature and the glass transition 
In 1948 Kauzmann pointed out that the entropy of supercooled liquid decreases rapidly on 

cooling towards the kinetic glass transition temperature, Tg, and extrapolates to the entropy of the 
crystal no far below Tg, [48]. Temperature dependence of the entropy of glass intersects this one 
of crystal at so called Kauzmann temperature, TK, If the entropy of supercooled liquid become 
smaller than that of the stable crystal, its entropy would eventually become negative at sufficiently 
low temperature, violating the Third Law of Thermodynamics. This situation is termed 
Kauzmann's paradox or entropy crisis, see e.g. [49-51] and references cited therein. One way of 
avoiding the entropy crisis is, for the liquid, to form an "ideal glass" at TK. This is the 
thermodynamic view of the glass transition according to which the observable glass transition 
(e.g. by viscosity or DSC measurements) is manifestation of a second-order phase transition at 
Kauzmann temperature, masked by kinetics. According to Kauzmann, spontaneous freezing

tic glass transition prevents equilibration of supercooled liquid near TK. Because kinetic glass 
transition is higher then Kauzmann temperature, it intervenes before the entropy crisis occurs.  

Based on results obtained by novel experimental techniques of DSC the glass transition seems 
not to be only a kinetic phenomenon, but it is the reversible process in the thermodynamic sense 
[53,54]. From this perspective on the glass transition it is interesting to test whether Kauzmann 
temperature can be achieved and "ideal glass" in Kauzmann sense can exists in reality. The 
As2Se3 and As2S3 bulk glasses were chosen because of their easy preparation in high purity as 
well as possibility of slow cooling of its undercooled melt without cr
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temperature of As2Se3 is lower then the crystallization one. On the other hand crystalline As2Se3 
can be prepared relatively easily [55], contrary to crystalline As2S3 [56]. 

Results obtained by StepScan DSC on the crystalline and glassy arsenic trichalcogenides have 
been used to calculate temperature dependence of entropy changes. The temperature dependence 
of the entropy change for both crystalline and non-crystalline samples is given by the sum of the 
thermodynamic contribution and of the enthalpy chan
temperature: 

ge of kinetic process divided by its 

∫
Δ

+=Δ
2T

kinP HdTC)T(S .            (15) 

ΔH

e contribution of the kinetic part to the entropy change in course of the glass 
transformation and/or of the crystal melting was replaced by ΔSkin(T) and calcu
equation: 

1T xTT
 
Cp is isobaric heat capacity, kin is enthalpy changes obtained from irreversible kinetic part, Tx is 
either the glass transition temperature, Tg, or the crystal melting one, Tm, and T1 << Tg and T2 >> 
Tm. 
 In fact, because the irreversible kinetic processes are spread over indispensable temperature 
interval th

lated according 

∫
β⋅ 1T

kin
x TmT

,         (16) 

                                                                                    
m is the sample mass, β is the underlying heating/cooling rate, Qkin(T) is the heat flow related to 
kinetic processes. Using entropy tem

2T
kin dT)T(Q1

=Δ≈
Δ kin )T(SH

perature dependence obtained, the Kauzmann temperature of 
As2Se3 was found to be TK = 164 oC, see Fig. 20. This temperature is 23 oC below the glass 
transition temperature, Tg = 187 oC. 

Confronting obtained Kauzmann temperature and thermodynamic part of the glass transition 
of As2Se3, it was found that TK is identifiable with the low-T onset of the glass transition region, 
Fig. 21, and very close to the viscosity-Tg at 166 oC (η = 1012 Pa.s) [57]. The temperature of this 
low-T onset is exactly that one at which supercooled liquid is completely transformed to glass. 
This result has physical meaning and according to the Kauzmann idea, the glass transition of 
As2Se3 bulk glass is the thermodynamic one and this glass can be termed as an ideal glass.  

On the other hand, surprising result was obtained on As2S3 bulk glass. As one can found 
anywhere, this glass has been widely used as an "ideal glass" because of its easy preparation and 
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extremely low crystallization tendency of its 
undercooled melt. Kauzmann temperature of 
As2S3 was found at approx. 97 oC, Fig. 22. 
This temperature is approx. 78 oC below low-
T onset (175 oC) of the glass transition region 
and it is clear, that ideal glass transition 
(thermodynamic one) is masked by the kinetic 
effects at significantly higher temperature. 
Bas

ame results using 
con

wn, contrary to the commonly 
ccepted opinion, that undercooled liquid can really (but unfortunately rarely) achieve the 

and thus avoids the entropy crisis thermodynamically and not only by the 
inetic effects. 

e very attractive 

isothermal 

 of phase transformations involving nucleation and growth under 
isothermal conditions, an analysis
ohnson-Mehl-Avrami (JMA) form

        (17) 

α(t) is a fraction of the transformatio
rate and growth morphology. Rate constant k has an Arrhenius temperature dependence: 

k = ko exp(-E/kBT),                                             (18) 

ed on the Kauzmann temperature idea, the 
As2S3 glass contains some excess of the 
entropy of fusion and therefore glass preserves 
a certain extent of undercooled melt nature. 

At the end it must be pointed out that it is 
not possible to obtain the s

ventional DSC because cooling scans over 
the glass transition region is distorted due to 
the simultaneous endothermic and exothermic 
events, for details see [14]. 

It was  sho
a
Kauzmann temperature 
k
 
10. 3.  Crystallization 
 
 Kinetics of the first order phase transformations, e.g. crystallization of undercooled liquids, 
has often been determined by the various techniques. The calorimetric methods, in particular 
differential scanning calorimetry (DSC), are widely being used for the study of kinetics of the 
above-mentioned processes. This method has some advantages, e.g. it is quite sensitive, it is not 
demanding with regard to sample preparation and is relatively independent of the sample 
geometry. DSC measures a volume fraction transformed as a function of time (isothermal DSC) 
or temperature (non-isothermal) by measuring the heat released or absorbed during a phase 
change. In recent years, especially the non-isothermal DSC measurements becam
for the study of phase transformations. The non-isothermal experiments can be performed more 
rapidly compared with isothermal ones, and they can also be used for extension of a temperature 
range of the measurement beyond the one accessible to isothermal experiments.  
 General theory of transformation kinetics was derived for the case of 
transformation conditions [58]. Numerous methods have been developed for a treatment of non-
isothermal DSC data in order to obtain the kinetic parameters that could reproduce the 
experimental data and predict a behavior of the system in different conditions [59-61]. 
 In case of the study

 of the data obtained has been mostly carried out using the 
alism [62-64]. This method is based on integral expression for J

the fraction transformed: 

α(t) = 1 - exp((-kt)n),                                                    
 

n completed at the time t, n is parameter reflecting nucleation 
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where E is the activation energy, kB is Boltzmann constant. 

The validity of applying this model to non-isothermal transformation kinetics has been 
examined by Henderson [59]. He has shown that JMA formalism can be used under some specific 
restrictions that limit applicability of this formalism to so-called "site saturation" transformation 
only. In this case, nucleation takes place at a very start of transformation, and the nucleation rate 
is then zero. However, it seems that there are still some problems associated with a proper use of 
this model in analysis of non-isothermal data because in many papers, one can find a great 
dep

odel is unsatisfactory an
has to be described by the Šesták-Berggren (SB)
accommodation function:  

endence of activation energy on degree of conversion and variation of JMA exponent n on 
temperature.  

In many cases, JMA m d the non-isothermal transformation kinetics 
 model [65,66], which is an empirically found 

nm

dt
)1( ααdα

−=                  (19) 

                                                        
The SB model is a very flexible function with re

eaning (especially the exponents m and n have no 

 

th

es of parameters k and n of JMA equation were 
 the rate constant k the value of apparent energy E 

er 

the kinetic 

gard to the DSC data fitting but lacking a physical 
clear physical consequence but can be related m

to the JMA exponent [66]).  

10.3.1. Isothermal crystallization  
Isothermal DSC measurements of As2Se3 undercooled melt were used in a wide temperature 

range (270 - 360 oC) to obtain more detailed information about crystallization kinetics of this 
material. The enthalpy of crystallization was found to be ΔHcryst = - 91.5 ± 2.7 J/g. Crystallization 
peaks were integrated and the time dependence of degree of crystallization αi was obtained, Fig. 
23. Temperature dependence of maximum crystallization rate is shown in Fig. 24. The 
crystallization rate increases to the temperature 350 oC. Close to the melting temperature the 
equilibrium between crystal grow  and melting occurs significantly, Fig. 23, curve no.10, and 
crystallization rate falls down rapidly, as one can assume, Fig. 24. All data were analyzed in terms 
of JMA model, eq. (17) , Fig. 25. The valu
obtained. Based on the thermal dependence of
was determined. The value of E is 1.58 eV 
(pre-exponential factor A = 1.106 s-1) at 
temperatures below approximately 570 K 
(297 oC) and above this temperature the E 
value decreases to 0.99 eV (A = 7.106 s-1). 
Because the mechanism of crystallization 
process can be temperature dependent, two 
different mechanisms with different value of 
E can be assumed. Nucleation together with 
crystal growth are dominating at low
temperature region while entirely crystal 
growth is crucial at higher temperatures. 
 Furthermore the kinetic exponent n 
exhibits a temperature dependence and its 
value decreases from 3.8 to 1.9 over the 
whole studied temperature interval. The 
temperature dependence of 

Fig.23 
Time dependence of degree of crystallization 
obtained by integration of experimental data. Curve 
10 (360 oC) is pertinent to equilibrium of crystal 
growth and melting. 

exponent can clearly be divided into four 
parts, marked A-D in Fig. 26. 
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Fig. 24 
Temperature dependence of isothermal 
crystallization rate (points) obtained from 
computer fit of degree of crystallization time 
dependence. 

Fig. 25 
Experimentally obtained degree of 
crystallization vs. time (points) and its 
computer fit (lines), JMA eq. was used. 

 In the part A the kinetic exponent n decreases 
the higher value of apparent activation energy  (E =
and the crystal growth take place at same time. Thi
values of n for various crystallization processes pred
 In the part B the n value (~ 2.75) is practically
obtained value of n and lower value of apparent ac
grow

from the value ~ 3.8 to 2.75. With respect to 
 1.58 eV) one can suppose that the nucleation 

s conclusion is in accordance with values with 
icted by Mora [38]. 
 constant. In accordance with experimentally 
tivation energy E = 0.99 eV only the crystal 

icroscopy measurement confirmed that 
g under these thermal conditions are three-

ponent n decreases from 2.75 to 1.9 and the E 
al growth process is y the same as in 
es.

ed b
elt 3 crystals. The plate-like 

th is probably dominating process. Optical m
consistent with the value of n the crystals growin
dimensional. This agrees well with [38] again. 
 In third temperature region (C) the kinetic ex
value remains constant (E = 0.99 eV). The cryst
previous case but dimensionality of crystals chang
up together with three dimensional ones as confirm
 The last region (D) approaches at the end the m
crystal growth morphology predominates, which 
is in accord with experimentally founded kinetic 
exponent value (n ~ 1.9). 

probabl
 Two dimensional plate-like crystals come 
y optical microscopy.  
ing point of As2Se

 esults obtained differ from results publishe
by Henderson and Ast [67] especially

R d 
 in the 

mag

ned by analysis of non-
othermal data can be incorrect at least at some 

isot

nitude of kinetic exponent values. They 
found n changed from value 4.5 in the low 
temperature region to n = 4 (at 335 oC) and the 
value of n was interpreted regardless of the 
crystallite growth morphology. 

Temperature dependence of kinetic exponent 
n obtained experimentally is in the strong 
contradiction with assumption of constant n used 
in numerical analysis of non-isothermal data [68-
70]. The result obtai Fig. 26 

Temperature dependence of JMA kinetic 
 

is
exponent n obtained from computer fit ofcases. Especially in those cases when non- experimental data. hermal crystallization can be observed over 

wide thermal interval. It is well known from 
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many experiments that only Šesták-Bergren accommodation function (without physical meaning, 
unfortunately), eq. (19), can be used to description of experimental data in these cases. 

 
10.3.2. Non-isothermal crystallization   

The problems in the analysis of non-isothermal data originate very probably from the fact that 
the models used for analysis of non-isothermal DSC data were originally derived for isothermal 
condition and some simplifications were done for using these models on non-isothermal data. In 
case of JMA model, the assumption of constant tem
one of the most problematic simplifications. As it was m

perature independent kinetic exponent n is 
entioned above the temperature 

lue decreased with an increasing temperature. 
 kinetic exponent n varies with temperature 
used kinetic analysis of non-isothermal data 
s concerning kinetic model and activation 

 computer aided test of its applicability 
th various 

a
t

n
u

dependence of kinetic exponent n was found, its va
From this point of view, one can assume that if the
during non-isothermal crystallization, the frequently 
do not develop this fact and erroneous conclusion
energy could be done. 
 
10.3.3. Kinetic analysis of non-isothermal DSC data –

To elucidate problem of non-isothermal data analysis the JMA
temperature dependence of n and E = 130 kJ/mol w
curves of non-isothermal crystallization were compu
means that activation energy and subsequently the ki
DSC scans and compared with these one used for sim
a) in case that the value of kinetic exponent used fo
the kinetic model obtained subsequently by analysi
Apparent activation energy was independent on α, 
see Fig. 27, and its value can be determined 145

 model wi
series ofs used and three  theoretical DSC 

er simulated and analyzed in usual way. It 
etic model were determined from theoretical 
lation. It was found: 

 computer simulation was constant (n = 2), 
of theoretical DS

r
s C scans was of JMA one. 

corr

unambiguously JMA but mostly SB, see Fig. 28. 
The value of apparent activation energy depends 
significantly on α which results in the 
impossibility of its correct determination, Fig. 29, 
see wrong value E = 118.9 ± 0.9 kJ/mol found by 
kinetic analysis. However, for the low values of 
heating rate, it is, in some cases, possible to 
interpret the DSC curves by the JMA model also 
at a temperature dependent kinetic exponent. The 
reason for this is a relatively narrow width of the 
DSC peak at the low values of heating rate when a 
relatively small change of the value n is occurring in this narrow temperature interval of the phase 
transformation, see Fig. 28. 

By means of r simulation of the DSC curves, it was shown that extension of 
originally isothermal transformation kinetic equat
basic problem. It is possible to conclude that if the
of crystallization results into JMA model then a f

0.0 0.2 0.4 0.6 0.8 1.0
110

115

ectly (E = 130 ± 1 kJ/mol). Using the analysis 
based on the JMA model, the correct value of 
kinetic exponent n = 2 was also found. 
b) if the value of n used for computer simulation is 
not constant, the kinetic model obtained by 
analysis of simulated curves was not found 120

125

130

135

140

E
  [

kJ
/m

ol
]

n = 2

 α
Fig. 27 

Activation energy as a function of degree of 
conversion, α, calculated by the 
isoconversional method (simulated DSC traces 
with temperature independent JMA exponent 
n=2). Dashed curve denotes mean value of E = 
130±1 kJ/mol. 

compute
ions to non-isothermal conditions is really the 
 kinetic analysis of non-isothermal DSC curves 
ound model is most probably a realistic one. In 
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 selenium was studied in a wide temperature range 90–210 C. 
The temperature dependence of crystallization 
enthalpy was found 65.5±2.9 J/g (110 - 180 
oC). Using Raman spectroscopy it was found 
that this mean value of enthalpy corresponds to 
crystallization of hexagonal selenium. 
Crystallization process at temperatures lower 
than 110 oC brings experimental problems in 

R
at

e

Tc [
oC]

Fig. 30 
Temperature dependence of the maximum rate 

om this 
reason the results obtained at this temperature 
range were excluded from further study. 

The kinetics of isothermal crystallization of 
selenium was also studied. The maximum rate 
of crystallization was determined as a slope in 
the inflexion point of degree of crystallization 

 o
f c

ry
st

a

of selenium melt crystallization. 

such

ermal DSC curves of crystallization results into 
hether or not it really concerns the kinetics of a 
A mechanism with a non-constant value of the 

simulated DSC curves it can be assumed that a 
cripti
ible d

o

ation 

5). Mean value of apparent activation energy is 
E=118.9±0,9 kJ/mol (dashed curve). 
 

 case, a value of activation energy is basically not dependent on α and its value, as well as the 
value of kinetic parameter n, reflects correctly the crystallization kinetics. 
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However, if the kinetic analysis of non-isoth
SB model then it is not possible to distin

c

105

guish w
process that can be described by SB model or JM
kinetic parameter n. On basis of analysis of the 
seemingly satisfactory use of SB model for a des
JMA mechanism, is accompanied by a not neglig
on α. 
 
10. 4. Crystallization of selenium supercooled liquid: kinetic analysis of isothermal and non- 
         isothermal DSC experiments 
 
10.4.1. Isothermal crystallization 

Isothermal crystallization of

on of crystallization kinetics developing by 
ependence of apparent activation energy E 

correct determination of the crystalliz
enthalpy because of its long duration. Fr

Fig. 29 
Activation energy as a function of degree of 
onversion, α, (simulated DSC traces, linear 

temperature dependence of JMA exponent n, Fig. 
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Fig. 28 
DSC traces computer simulated with 
temperature dependent JMA exponent. The 
found kinetic model (JMA or SB) is introduced 
beside each curve. 
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α vs. time curves and its temperature dependence is in Fig. 30. As one can expect maximal 
crystallization rate increases with increasing temperature, but only up to ~180 oC and then it 
decreases probably due to melt ↔ crystal equilibrium. The curves in Fig. 30 are only guides for 
eyes and thus apparent discontinuity is related with the fact that measurements were done with 
temperature step 10 oC and the highest maximum crystallization rate is somewhere between 170 
and 180 oC.  
 It was found that the Johnson-Mehl-Avrami model (JMA) describes very well experimental 
DSC

m
kJ/m
activ

energy from non-isothermal data is not quite correct because the kinetics of crystallization is 
studied in the case when the temperature is changed in a wide region. Based on results of 
isothermal experiments it can be assumed that the crystallization of selenium is accompanied by 
the termination of nucleation process and just the influence of nucleation could distort the energy 
ca

etic model of non-

Fig. 31 
d calculated predictions based on results of 

 SB model (right). 

2 3 4 5 6 7 8

0,4

 data of isothermal crystallization of selenium. The parameters of JMA model (the kinetic 
exponent n and rate constant k) were determined. The kinetic exponent n is nearly constant (n ~ 
3.5) in the temperature region 110 – 210 oC. The value of n reflects morphology of the crystal 
growth [38] and so it is possible to assume 3D crystal growth accompanied by the completion of 
nucleation. Using Arrhenius plot of the rate constant k the value of the activation energy of 
selenium crystallization was determined to be Ea = 83 ± 2 kJ/mol. 
 
10.4.2. Non-isothermal crystallization 

isothermal crystallization was found. The non-isothermal data obtained at low heating rates (max. 
10 K/min) can be unambiguously described by JMA model but on the other hand Šesták-Berggren 
SB(m,n) model is the only one convenient for the data obtained at higher heating rates. The 
explanation of these findings could be following. In case of low heating rates the crystallization 
realizes in relatively narrow temperature interval and this situation is closer to the isothermal 
mea

The crystallization of selenium was also studied under non-isothermal conditions using 
heating rates 5–20 K/min. Experimental data were treated by frequently used methods of kinetic 
analysis of non-isothermal data. The activation energy of crystallization, Ea, was determined by 

eans of three commonly used methods. Methods of Kissinger and Ozawa gave Ea= 64.1 ± 2.5 
ol and 68 ± 3.1 kJ/mol, respectively, in agreement with [71]. A little bit lower value of 
ation energy (58.0 ± 2.1 kJ/mol) was found by the isoconversial method. All values of 

activation energy found by kinetic analysis of non-isothermal data are lower then this one 
determined on basis of isothermal crystallization measurements. Determination of activation 

lculation.  
Using all values of activation energy determined above the appropriate kin

surement and thus it is possible to find correct kinetic model (JMA). With increasing heating 
rate the kinetics of crystallization is measured over increasingly wide temperature region and so 
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both the temperature dependent nucleation and crystallization rates vary indispensably and one 
s the shape of non-isothermal DSC scans 

SB one. Unfortunately, the SB 
er then model with the physical 

ation at 160 
A and SB models. Calculated 

, see 

essary for full 
 are in good 

ystallization mechanism is necessary to correct 
ent is used. 
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can suppose that this complex process influence
markedly. The kinetic model obtained at these conditions is 
function is in fact only very flexible accommodation function rath
meaning. 

To verify correctness of model determined, the prediction of isothermal crystalliz
°C were calculated using non-isothermal parameters of both JM
curve were compared with the curve of isothermal crystallization obtained experimentally

ent. The both Fig. 31. As one can clearly see the prediction does not at all agree to the experim
models of non-isothermal crystallization predict significantly shorter time nec
crystallization of sample than it follows from experiment. The results obtained
agreement with [72] that the prior knowledge of cr
data interpretation when the non-isothermal experim
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11. APPLICATION OF ISOCONVERSIONAL 
METHODS FOR THE PROCESSES OCCURRING IN 

GLASSY AND AMORPHOUS MATERIALS 
 

Peter Šimon,  Paul S.Thomas 

 
11. 1. Introduction 

An attribute of amorphous/glassy state is that it is a solid state in which the 
atoms or molecules are not arranged in any long-range regular order. A glass is 
traditionally understood the product obtained from a melted material which has been 
cooled at a sufficiently high cooling rate to obtain a rigid material without crystallizing. 
The term amorphous state is more general; amorphous substances may be prepared also 
in other ways, not only from melt. Most of solid materials can be prepared in 
glassy/amorphous state so that many branches of science are touched with the problem 
of amorphous state properties, such as the glass science, polymer science, metallurgy, 
biology, pharmaceutical science and further scientific disciplines. 

Due to the absence of the long-range order, the glassy/amorphous state is 
generally a metastable, non-equilibrium state and, therefore, there exists a 
thermodynamic driving force towards crystallization. The crystallization itself is an 
exothermic process; hence, thermoanalytical methods, such as differential scanning 
calorimetry (DSC) and differential thermal analysis (DTA), are convenient and 
extensively employed in studying the kinetics of phase transformations due to their 
straightforwardness and ease of use.  

Experimental data on the kinetics of crystallization are treated using two 
different approaches. The first one is the model-fitting approach when the experimental 
data are mostly interpreted in terms of the nucleation-growth model formulated by 
Avrami [1-3]. This model describes the time dependence of the fractional crystallization 
in the following form: 

( )1 exp mktα ⎡ ⎤= − −⎣ ⎦         (1) 

where α is the conversion of the crystallization, k and m are constants with respect to 
time, t. The constant m means the number of crystal growth dimensions. After the 
differentiation with respect to time, the rate equation called Johnson-Mehl-Avrami-
Kolmogorov (JMAK) equation is obtained [1-6]:  

( ) ( )
11d 1 ln 1

d
mkm

t
α α α

−
⎡= − − −⎣ ⎤⎦       (2) 

The validity of Eq. (2) is based on the assumptions of isothermal crystallization 
conditions and homogeneous nucleation or heterogeneous nucleation at randomly 
dispersed preexisting nuclei. Further, it is assumed that the growth rate of crystals is 
independent of time and is the same in all directions (isotropic crystal growth) [7-9]. 

The first approach assumes that the mechanism of the process is known and, 
subsequently, the rate equation based on the mechanism is derived. The kinetic curves 
of conversion vs. time/temperature are then fitted to the kinetic model. The methods are 
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summarized in a number of publications, see for example [6,7,10-14] and also in other 
chapters of this book.  
 Another equation routinely applied is the Šesták and Berggren equation [15]:  

( ) ( )d 1 ln 1
d

pnmk
t
α α α α⎡ ⎤= − − −⎣ ⎦       (3) 

This equation is a combined form of differential equations suggested for the reactions 
controlled by the movement of phase boundaries, by simple nucleation. by nucleation 
followed by nuclei growth and by diffusion. The (often non-integer) exponents m, n and 
p serve merely for fitting but can be eventually associated with the exponents in JMAK 
equation. The last logarithmic term in Eq. (3) is often neglected using thus only two 
parameter (m + n) equations [16] bearing a resemblance to a logistic function. 
 In the alternative, the isoconversional approach, the kinetic analysis is carried 
out over a set of kinetic runs at a fixed value of conversion. This approach is often 
labelled “model-free” since the value of conversion function for the fixed value of 
conversion is implicitly involved in one of the adjustable parameters [10,17-19] and the 
reaction rate is a function of temperature only.  

The isoconversional methods can be crudely divided into two groups, i.e., the 
isothermal methods and the methods at linear heating. Isothermal crystallization studies 
are generally quite time-consuming. In addition, there is a transient period with ill-
defined temperature when establishing the isothermal regime which may bring about a 
systematic error in the results obtained. The isothermal isoconversional method is 
analyzed, e.g., in [18]. On the contrary, a DSC or DTA measurement performed at a 
constant heating rate is much more rapid and enables several transformations to be 
identified covering a wide temperature range [20]. Therefore, the experiments with 
constant heating rate are much more widely applied to study the processes of 
crystallization and attention will be paid only to them in this chapter. The group of 
isoconversional methods with linear heating can be further subdivided into differential, 
integral and incremental methods. The number of papers and textbooks outlining the 
basic ideas of the isoconversional methods, analysing the advantages and drawbacks 
and demonstrating their use, is almost countless, see for example [10,17-19] and the 
references cited therein.  

In this chapter, fundamentals of the isoconversional methods are summarised 
and their use for the processes of crystallization and glass transition are reviewed.  
 
11.2.  Single-step approximation  

In this section, a purely formal approach to the condensed phase kinetics will be 
presented. Mechanisms of the processes in condensed phase are very often unknown or 
too complicated to be characterized by a simple kinetic model. Rate of these processes 
is generally a function of temperature and conversion: 

(d ,
d

T
t

)α α= Φ         (4) 

The single-step approximation employs the assumption that the function Φ in Eq. (4) 
can be expressed as a product of two separable functions independent of each other, the 
first one, k(T), depending solely on the temperature T and the other one, f(α), depending 
solely on the conversion of the process, α: 
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( ) ( ) (, fT k T )α αΦ =        (5) 

Combining Eqs. (4) and (5), the rate of the complex multi-step condensed-state process 
can be formally described as [16,18,21] 

( ) ( )d f
d

k T
t
α α=         (6) 

Eq. (6) is mostly called the general rate equation. Indeed, it resembles a single-step 
equation, even though it is a representation of the kinetics of a complex condensed-
phase process. For a complex process, each step should be described by its own rate 
equation. The single-step approximation thus resides in substituting a generally 
complex set of kinetic equations by the sole single-step kinetics equation. Eq. (6) 
represents a mathematical formulation of the single-step approximation. 
 The temperature function in Eq. (6) is mostly considered to be the rate constant 
and the conversion function is believed to reflect the mechanism of the process. It was 
discussed in [22] that this interpretation of the both functions may not be correct. Since 
Eq. (6) is a formulation of the single-step approximation, the functions k(T) and f(α) 
represent, in general, just the temperature and conversion components of the kinetic 
hypersurface [21,22]. The kinetic hypersurface is a three-dimensional dependence of 
conversion on temperature and time [22]. 

Obviously, due to the prevailing interpretation of k(T) as the rate constant, the 
Arrhenius equation is universally employed as the temperature function in both 
crystallization and glass transition processes: 

 ( ) exp Ek T A
RT

⎡= −⎢⎣ ⎦
⎤
⎥         (7) 

where A is the preexponential factor, E is the activation energy and R stands for the gas 
constant. 
 
11.3. Isoconversional methods at linear heating 

For the linear heating, the sample temperature, T, is expressed as  
 oT T tβ= +          (8) 
where To is the starting temperature of the measurement and β stands for the heating 
rate. As mentioned above, the kinetic parameters are obtained from a set of kinetic runs 
where the evaluation is carried out at the fixed conversion α. 
 
11.3.1. Integral methods 

Assuming the Arrhenius temperature dependence of the rate constant, 
combination of Eqs.(6) and (7) gives:  

( )d exp f
d

EA
t RT
α α⎡ ⎤= −⎢ ⎥⎣ ⎦  

      (9) 

After the separation of variables and integration, the latter equation gives the result: 

 ( )0 0

d exp d
f

t EA t
RT

αα
αα

α
⎡ ⎤= −⎢ ⎥⎣ ⎦∫ ∫        (10) 

where tα is the time at which the fixed conversion α is reached, i.e. the isoconversional 
time.  After some manipulation, Eq. (10) can be rewritten as: 
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0

1 exp
t E dA t

RT

α

α
α

⎡ ⎤= −⎢ ⎥⎣ ⎦∫           (11) 

where the kinetic parameter Aα  given as: 

( ) ( )F F
AAα α

=
− 0         (12) 

The function F is a primitive function of 1/f and the subscript “α”designates the fixed 
value of conversion at which the parameters Aα and Eα are calculated. This designation 
is introduced since the values of kinetic parameters quite often depend on the 
conversion α. Eq. (11) should hold for any temperature regime and enables calculation 
of the time at which the fixed conversion α is reached.  

For the linear heating and from the combination of Eqs. (8) and (11), it can be 
obtained [18]: 

 
0

exp d
T EA T

RT

α

α
αβ ⎡ ⎤= −⎢ ⎥⎣ ⎦∫        (13) 

where Tα is the temperature at which the fixed conversion α is reached, i.e. the 
isoconversional temperature. The lower integration limit in Eq. (13) is usually set 
To = 0 K since no process is observed to occur in the sample at the starting temperature 
of the experiment. 

The experiment is arranged in that way that the isoconversional temperature is 
measured as a function of heating rate. The temperature integral at the right side of 
Eq. (13) cannot be expressed in a closed form so that Eq. (13) is written in an unnatural 
form as a function of independent variable on the dependent variable.  

A number of methods have been proposed to overcome the problem of applying 
Eq. (13) in the treatment of experimental data. In the 1950s and 1960s, in particular, 
when thermoanalytical methods became increasingly popular, a demand for the 
treatment of experimental data arose; however, the computational facilities were basic 
relative to the facilities available today and, hence, treatment was aimed at obtaining 
simple formulas. An example is the Flynn-Wall-Ozawa (FWO) method [23,24] which 
uses the Doyle [25] approximation for the temperature integral in Eq. (13): 

ln 5.331 ln 1.052A E E
R RT

α α α

α

β = − + −     (14) 

The dependence of ln β = f(1/Tα) should be a straight line with the slope equal to            
(-1.052Eα/R) and the intercept (-5.331 +ln(Aα Eα/R)). Thus, from the slope and intercept 
the kinetic parameters Aα and Eα can be obtained. 

Application of the Coats-Redfern approximation [26] leads to the Kissinger-
Akahira-Sunose (KAS) method [27]:  

2ln ln A R E
T E RT

α α

α α α

β⎛ ⎞
= −⎜ ⎟

⎝ ⎠
      (15) 
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For this method, the dependence of ln (β/Tα2) = f(1/Tα) should be a straight line with the 
slope equal to (-Eα/R) and the intercept ln(Aα R/Eα). From the slope and intercept of 
Eq. (15), the kinetic parameters Aα and Eα can be obtained. 
 In order to achieve a better precision, an advanced isoconversional method has 
been developed by Vyazovkin [28]. As all other integral isoconversional methods, this 
method is based on the assumption that the reaction model is independent of the heating 
program, T(t). By the virtue of this assumption, the right side of Eq. (13) divided by the 
corresponding value of the heating rate is equal to unity for any given value of β. This 
equality is equivalent to the condition of a minimum of the following function 

( )
( )

n n
i j

    i j j i

,
min

,
I E T
I E T

α α

α α

β
β≠

=∑ ∑       (16) 

where I(Eα,Tαi) is the integral term on the right side of Eq. (13) corresponding to the i-th 
heating rate.  

 The parameters Aα and Eα in Eq. (13) can be obtained by minimizing the sum of 
squares between experimental and calculated values for various heating rates as 
proposed in [29-31]: 

( )
n 2

i,exptl i,calcd
i 1

minT Tα α
=

− =∑       (17) 

where Tαi,exptl is the temperature measured for a specific degree of conversion, α, and 
the calculated value of Tα (Tαi,calcd) for a given heating rate is given by Eq. (13). The 
integration indicated in Eq. (13) is carried out by the Simpson method. Minimization of 
the sum of squares given by Eq. (17) is carried out by the simplex method.  
 
11.3.2. Differential method 

For the linear temperature program, from Eq. (9) one can obtain 

( )d d f exp exp
d d

E EA A
t T RT R

α α
α

α α α α

α αβ α
T

⎡ ⎤ ⎡⎛ ⎞ ⎛ ⎞= = − = −
⎤

⎢ ⎥ ⎢⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

⎥
⎣ ⎦ ⎣ ⎦

 (18) 

The subscript “α” at the reaction rate indicates the rate at the fixed conversion α. In 
Eq. (18), the parameter Aα is defined as the product Af(α). Eq. (18) is generally used 
after a logarithmic transformation: 

dln ln
d

EA
T RT

α
α

α α

αβ⎛ ⎞ = −⎜ ⎟
⎝ ⎠

       (19) 

From Eq. (19) it follows that the dependence of ln(βdα/dT)α=f(1/Tα) should be linear. 
The method represented by Eq. (19) is named after Friedman [32]. Since the Friedman 
method employs instantaneous rate values, it is very sensitive to experimental noise and 
tends to be numerically unstable [27,33]. 
 
11.3.3. Incremental method 

Using incremental methods can obviate the trouble with the instability of the 
Friedman method. An incremental integral isoconversional method has been suggested 
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recently [6]. For the linear heating program, if Eq. (10) is integrated within the 
conversion increment α1-α2, one can arrive at: 

( ) ( )
2 2

exp d exp
T TE EA T A Tα αβ

1 12 1

d
F F T TRT RTαα α

⎡ ⎤ ⎡= − = ⎤−⎢ ⎥ ⎢ ⎥− ⎣ ⎦ ⎣ ⎦∫ ∫  (20) 

In this case, the definition of the parameter Aα is obvious from Eq. (20). Due to the 
integration, the influence of experimental noise is eliminated to a great extent. For an 
infinitely small increment, Eq. (20) degenerates into Eq. (18) [18]. If it is set α1=0 at 
T1=0, Eq. (20) degenerates into Eq. (13). From Eq. (20), the incremental 
isoconversional method to account for variation in the activation energy [33] can be 
derived. 
 
11.4. Kissinger method 

The Kissinger method [34] was originally developed for the n-th order 
decomposition reactions; however, it is very popular in characterizing the 
transformation kinetics. It is based on the fact that with increasing heating rate the 
temperature of the peak maximum in DSC records, corresponding to the maximum rate 
of the process observed, is shifted towards a higher value. After expressing the rate of 
the process as a product of the Arrhenius temperature function and the n-th order 
conversion function and finding the temperature of the peak maximum, one can arrive 
at the formula 

a
2

p p

ln EC
T R
β⎛ ⎞

= −⎜ ⎟⎜ ⎟
⎝ ⎠ T

        (21) 

where C is a constant and Tp is the temperature at the maximum rate of the process, i.e. 
the peak temperature. Comparing Eqs. (15) and (21), it can be seen that the Kissinger 
method is just a special case of isoconversional method where the constant conversion 
corresponds to the maximum rate of the process observed.  

Henderson [8] has published a critical analysis of the nonisothermal methods 
which shows under what conditions the Kissinger method is rigorously justified. In Ref. 
[35] it has been reasoned that the Kissinger method used for determining the activation 
enthalpy of the nucleation-and-growth process can be used for a grain-growth process 
as well. Matusita and Sakka criticized the arbitrary and unsupported application of the 
Kissinger plot [36]. 
 
5. Ozawa methods 

Various modifications of the Avrami theory have been applied to nonisothermal 
crystallization. Ozawa [37] developed an equation to analyze the crystallization of 
polymers from the melt at constant cooling rate by replacing t = T/β. Later [38], he 
derived rigorous equations for the nonisothermal kinetics of crystal growth from pre-
existing nuclei with negligible concurrent random nucleation [38]. The equations have 
been derived for two models. The first model describes crystal growth from impurity or 
from a nucleating agent where the number of nuclei is independent of the thermal 
history of the material under study.  
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 The second model 
describes crystal 
growth for the case 
where homogenous 
nucleation is 
initiated by cooling 
the specimen to a 
temperature below 
that which crystal 
growth may occur. 
The temperature 
range for random 
nucleation is much 
lower than that for 
the crystal growth, 
and the two 
temperature ranges 
are separated 
clearly as 
illustrated in Fig.1  

 
Fig.1: Schematic temperature dependence of the rates of nucleation and growth. 

 
 In the second model, the number of the nuclei existing in the beginning of the 
growth is constant during the growth but dependent on the thermal history in the 
nucleation temperature range.  

For the isoconversional evaluation, for the first model the FWO-like or KAS-
like equations have been obtained depending on the approximation used for the 
evaluation of the temperature integral. For the second model, the following equations 
have been obtained: 

a
1ln 1.052

1
EmC

m RTα

β = −
+

       (22) 

1
a

22ln
m

m

EC
T RTα α

β +

= −         (23) 

where m is the number of crystal growth dimensions. It has been proven that the 
conversion at the maximum rate is independent of the heating rate and is equal to 
α=0.632. 
 In the kinetic analysis of experimental data, it is first necessary to determine 
whether the process under study corresponds to the first model or to the second one. For 
this purpose it is useful to observe the effect of thermal history in the nucleation 
temperature range by changing the cooling and heating rates in a wide range. In the case 
of the mechanism of the crystal growth from impurity the area of the crystallization 
peak does not depend on the cooling and heating rates in the nucleation temperature 
range. In the case of random nucleation, the peak area is inversely proportional to the 
heating and cooling rates.  
 The value of m can be obtained from isotemperature dependence ln(-ln(1-
α))=f(lnβ). The dependence should be linear with the slope equal to m in the case of the 
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fist model and m+1 in the case of the second model [38]. An example of the 
isotemperature analysis can be found in [39]. 

Kinetic modeling of the crystallization process is further complicated by the 
origin of nucleation; either bulk or surface. Recently, Ozawa presented the kinetic 
analysis of crystal growth from pre-existing surface nuclei [40]. Ozawa’s model 
demonstrates that the thickness of the specimen has a significant influence on the 
crystallization process and, therefore, nucleation mechanism and sample geometry are 
further aspects that should also be taken into account in the application of theory to the 
kinetic analysis. It has been concluded that the Friedman plot (plot of logarithm of the 
rate of the process vs. the reciprocal absolute temperature at a given conversion – 
Eq.(18)) for results using the specimen of the same thickness is similar to the Arrhenius 
plot, and the temperature dependence of the growth rate constant can be obtained. When 
the plot is linear, we can get the activation energy of the process. Furthermore, fhe 
Flynn – Wall - Ozawa plot (plot of logarithm of the heating rate vs. the reciprocal 
absolute temperature at a given conversion – Eq.(14)) and the Kissinger - Sunose - 
Akahira plot (plot of logarithm of the heating rate by the square of the absolute 
temperature vs. the reciprocal absolute temperature at a given conversion – Eq.(15)) can 
also be applied, but only for results obtained by heating and for the process of Arrhenius 
type temperature dependence. If the plot is not linear or if the obtained activation 
energy is dependent on the conversion, the process under observation is not the process 
in which a single elementary process is involved and the temperature dependence of the 
rate constant is not of the Arrhenius type. 

Identification of internal bulk and surface crystallization can be made by the 
method of Ray and Day [41]. 
 
11.6. Description of the kinetics of nucleation by the induction period of     
         crystallization 

Nucleation and crystallization processes are of fundamental importance in the 
control of glass formability in technological applications where the formation of nuclei 
and the subsequent crystal growth must be avoided. On the other hand, the formation of 
nuclei and crystal growth by controlled crystallization can give rise to polycrystalline 
solids containing residual glass phase, e.g. the glass ceramics. Therefore, it is very 
important to evaluate the thermal stability of glasses against crystallization. In [29], a 
new criterion for evaluating the thermal stability of glasses based on the induction 
period of crystallization was suggested. 

Processes occurring in the condensed phase often exhibit an induction period. 
During the induction period, the technique used registers no signal so that the sample 
seemingly remains unchanged. As a matter of fact, the induction period is a preparatory 
stage where the species and intermediates necessary for the occurrence of the main 
stage of the process are formed. The end of induction period is determined as a sudden 
increase in the rate of the process under study, i.e. it is determined as the onset time for 
isothemal measurements or the onset temperature for measurement with linear heating 
[31]. The rate of crystal nucleation in glass reaches the maximum at temperatures 
somewhat higher than the glass transition temperature and then decreases rapidly with 
increasing temperature, while the rate of crystal growth reaches the maximum at a 
temperature much higher than the temperature at which the nucleation rate is highest 
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[42,43] (see Fig.1). It is discussed in [29] that the end of the induction period of 
crystallization corresponds to completion of the nucleation stage of crystallization.  

The theory of induction periods is based on the single-step approximation [44]. 
Since Eq. (6) is general, it is assumed that it also describes the kinetics of the processes 
occurring during the induction period. For the induction periods, Eq. (10) takes the 
form: 

 ( )
i i

0 0

d exp d
f

t EA t
RT

α α
α

⎡ ⎤= −⎢ ⎥⎣ ⎦∫ ∫        (24) 

The degree of conversion αi in Eq. (24) represents the completed conversion of the 
processes occurring during the induction period and corresponds to the end of the 
induction period, i.e., to the start of the main process detected by the apparatus, and ti is 
the length of the induction period. Further it is assumed that the degree of conversion αi 
is the same for any temperature. Then, for a constant heating rate, one can get: 

i

n0
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T T
BA T
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∫         (25) 

where Ti is the temperature of the end of induction period, i.e. the onset temperature of 
the crystallization peak. The parameter Bn is related to the activation energy of 
nucleation through the relationship Bn = En/R. The point of the steep increase of the 
DTA record due to crystallization is taken as the onset temperature. Since the existence 
of the processes occurring during induction period is not detected by the apparatus used, 
the conversion αi at the measured onset temperature is unknown. This is the main 
peculiarity of the method. However, as for any isoconversional methods, it is assumed 
that the conversion αi has the same value for any heating rate or for any temperature 
regime. For a chosen constant temperature the length of induction period can be 
expressed by an Arrhenius-like relationship: 

n
n n exp Bt A T

⎡ ⎤= ⎢ ⎥⎣ ⎦
        (26) 

where tn is the nucleation time coincident with the length of induction period, An and Bn 
are kinetic parameters.  

The method of study the kinetics of nucleation by induction periods of 
crystallization has several simplifications. First, it is implicitly assumed that the 
nucleation is athermal, i.e. it is not observed by DSC or DTA. Second, it is implicitly 
assumed that the crystal growth begins immediately after the nucleation stage as 
depicted in Fig.1. There can be a gap between the nucleation and growth stages which is 
not reflected in the upper integration limit of Eq. (25). The upper integration limit is 
always the quantity that can be measured, i.e. the onset temperature of crystallization, 
Ti. Third, after reaching its maximum, the rate of nucleation decreases with increasing 
temperature (see Fig.1). This is not reflected in the temperature function. The 
temperature function employed is the Arrhenius equation. This function increases 
monotonously with increasing temperature. 

The validity of the criterion was verified by applying it to Li2O.2SiO2.nTiO2 and 
Li2O.2SiO2.nZrO2 systems [29,31] and for the crystallization of metallic glasses [30]. 
Despite the oversimplifications mentioned above, the method reliably identifies the 
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differences in the stability of glasses. No relationship has been found between the 
values of the activation energies and the order of stabilities. 
 The peak maximum of DSC/DTA record corresponds to the maximum rate of 
the crystal growth, i.e. to the moment when the growing crystals start to interconnect. 
Given that the degree of conversion at the peak in the DTA curve during crystallization 
does not depend on the heating rate, the kinetic parameters of the crystal growth can be 
obtained by the incremental isoconversional method Eq. (20) where the integration is 
carried out between Ti and Tp: 
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∫         (27) 

Duration of the growth under isothermal conditions can be calculated using an equation 
analogical to Eq. (26): 

g
g g exp Bt A T

⎡ ⎤= ⎢ ⎥⎣ ⎦
        (28) 

where Ag and Bg are the kinetic parameters describing the crystal growth. From the 
linear-heating measurements, the parameters An and Bn in Eq. (25), or the parameters Ag 
and Bg in Eq. (27), can be obtained. Application of Eq. (28) was tested for 
Li2O.2SiO2.nTiO2 and Li2O.2SiO2.nZrO2 systems [31]. Again, the differences in the 
stability of glasses were reliably identified and no relationship was found between the 
values of the activation energies and the order of stabilities. 
 
11.7.  Other isoconversional methods 

A method intermittently encountered in the literature is the one by Matusita et al. [43]. 
In a similar manner to Ozawa [38], they considered the temperature-dependent growth 
of crystals. Based on the condition of maximum crystallization rate at the peak 
temperature, they derived the equation  
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ln 1.052 constant
n Em

T RT
β⎛ ⎞

= − +⎜ ⎟⎜ ⎟
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     (29) 

where m is the crystal growth dimension, n = m + 1 for a quenched glass containing no 
nuclei and n = m for a glass containing sufficiently large number of nuclei. This method 
was criticized by Ozawa for being too crude [38].  

Starink and Zahra [45] derived a quantitative model for the progress of a 
nucleation and and growth controlled reaction during heating at a constant rate. The 
model incorporates nucleation, growth and impingement, takes account of temperature 
dependent solubility and distinguishes between diffusion controlled growth and linear 
growth. The model was applied to the DSC data on the precipitation in Al-Si alloys. 
Despite the fact that different assumptions have been adopted, the equation similar to 
the Kissinger method was obtained [45]. 
 Michaelsen and Dahms [20] applied the JMAK theory for nucleation and growth 
transformations. They derived a model with three kinetic parameters, i.e. the activation 
energy, transformation order and frequency factor. The potential of the proposed model 
was demonstrated on the Ti-Al multilayer thin film. They obtained a Kissinger-type 
equation for the determination of activation energy. 
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 In the literature, further isoconversional methods describing the kinetics of 
phase transformation can be encountered, such as [46,47]. The theory of the amorphous 
state crystallization is under continuous development. 
 
11. 8. Isoconversional description of the kinetics of glass transition 

Upon cooling, the material changes from a supercooled liquid to a solid. The 
transition from the liquid state to the glass, at a temperature below the equilibrium 
melting point of the material, is called the glass transition and the corresponding 
temperature is the glass transition temperature, Tg. The glass transition temperature is 
approximately the temperature at which the viscosity of the liquid exceeds a value about 
1012 Pa·s. The glass transition is often formally considered to be a second-order phase 
transition since a jump in the heat capacity or expansion coefficient of the sample at the 
glass transition temperature is observed.  

DSC and DTA are routinely applied to the measurement of the glass transition 
temperature. The transition appears as a step in the heat capacity - temperature curve 
[19]. An increase in the heating rate causes this step to shift to higher temperatures 
suggesting that the process is thermally activated. This shift can be used for determining 
the activation energy of the process using some of the equations (13)-(16). However, 
the value of activation energy depends significantly on the method used for the 
determination of Tg. The glass temperature can be obtained as temperature of an 
extrapolated onset, infection point, midpoint in the cp curve or the position of a peak 
upon heating [19]. The differently defined values of Tg correspond to different stages of 
the glass transition. It has been reported [48,49] that the value of activation energy 
decreases with increase in the Tg value.  
 To explore this phenomenon more closely, Vyazovkin et al. [50] employed an 
isoconversional method that enabled the assessment of the variations in activation 
energy throughout the glass transition. The conversion α was defined as  

p pg

pl pg

c c
c c

α
−

=
−

        (30) 

where cp is the observed heat capacity, and cpg and cpl are the glassy and liquid heat 
capacities, respectively. Since the values of cpg and cpl depend on temperature, they are 
extrapolated to the glass transition region.  
 The application of the isoconversional method revealed a decreasing 
dependence of the activation energy on α for maltitol [19]. The variability in E has been 
found to correlate with the dynamic fragility of the glass-forming systems [19].  
 
11.9.  Discussion 
 
11.9.1. Discriminating ability of the isoconversional methods 

First of all it will be analyzed whether it is possible to discriminate between 
various mechanisms of nucleation and growth from the output kinetic parameters of 
isoconversional methods.  
 The purely formal approach represented by the single-step approximation lead to 
the derivation of  FWO, KAS, Vyazovkin and our method represented by Eqs. (13)-(16). 
All the methods originate in Eq. (13) so that they are, essentially, equivalent. The 
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differences in the values of kinetic parameters obtained by various methods are just the 
consequence of different approximations of the temperature integral and different 
objective functions used in the computational methods of data treatment. The kinetic 
parameters should be obtained from the source experimental data since any 
transformation of the data leads to the deformation of the distribution of errors, 
heteroskedasticity and a shift in the position of minima of the sum of squares between 
experimental and calculated values [18]. Thus, the methods using the objective 
functions with transformed experimental data may lead to biased estimates of activation 
parameters comparing to the values using directly the source experimental data. 
 The Kissinger method is based on the model of n-th order reaction. However, 
the resulting Eq. (21) is a KAS-type equation given by Eq. (15). In Section 5, two 
models of crystal growth are analyzed and the equations for isoconversional treatment 
of experimental data are derived. The first model of crystal growth from impurity leads 
to the FWO-like or KAS-like equations. The second model of random nucleation leads 
to Eqs. (22) or (23). On the first sight, Eq. (23) is not analogous to Eq. (15). 
Nonetheless, Eq. (23) can be rewritten into the form 

 a2
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     (31) 

Eq. (31) thus represents a KAS-like dependence with the apparent activation energy  
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 In the single-step approximation, no meaning is ascribed to the temperature and 
conversion functions. Kissinger, Ozawa and Matusita methods were derived by 
imposing a single mechanistic process for the conversion function (f(α)) in the 
generalized rate equation (Eq. (6)). Both approaches lead to the same type of equations. 
Thus it can be surmised that no mechanistic conclusions can be drawn solely from the 
results obtained from the isoconversional methods. Additional information is needed 
from varying heating rates in the nucleation temperature range, from isotemperature and 
model-fitting methods. Furthermore, it is advisable to employ other techniques besides 
thermal analysis, such as X-ray spectroscopy, FTIR, etc. 
 
11.9.2. Dependence of the activation energy on conversion 

Some authors mean that the application of isoconversional methods naturally 
leads to effective activation parameters dependent on the extent of conversion 
[33,51,52]. Quite serious conclusions are occasionally drawn from the dependence of 
activation energy on conversion; for example, the parameters of the Hoffman-Lauritzen 
equation have been evaluated from the dependence of activation energy of polyethylene 
terephthalate crystallization on conversion [53].  

It is necessary to stress that the temperature and conversion functions in Eqs. (5) 
and (6) should be separable. The imperative of the function separability is reasoned in 
detail in [21,54]. For the integral isoconversional methods, assumption of a constant 
value of activation energy is implicit and inevitable for the separation of the variables in 
Eq. (10). One can easily prove that, even for the case of the simplest linear dependence 
of activation energy on α, the variables cannot be separated. Any dependence of the 
activation energy on conversion invalidates Eq. (10) which means that all the 
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subsequent formulas are mathematically incorrect. Thus, the conclusions drawn from 
the dependence of the activation energy on conversion can hardly be considered 
trustworthy. 

Hence, for the sake of function separability the activation energy should be 
constant throughout the whole range of conversions. Ozawa has also concluded that 
when the activation energies vary with conversion, the observed process is inconsistent 
with the model from which the theory and the method are derived and we should 
abandon the kinetic analysis [38]. The function separability is implicitly involved in the 
concepts of master plots and reduced time. 
 
11.9.3. Physical meaning and use of the kinetic parameters 

The concept of activation energy generally identifies the energy connected with 
the barrier to the bond redistribution in an elementary reaction [55]. When employing 
the isoconversional methods, a complex multi-step process is treated as a single-step 
one. The activation energy obtained is thus apparent and does not have any mechanistic 
significance so that there is no reason to interpret the apparent activation energy in 
terms of a free energy barrier. Kinetic studies frequently appear to be motivated in 
reporting magnitudes of the activation parameters. In some articles, the magnitude of 
activation energy reported appears to be the principal result, perhaps even the dominant 
motivation for the investigation. However, compelling reasons for such a preoccupation 
with the measurements of activation parameters are not usually provided [52]. The 
value of activation energy cannot be used for far-reaching conclusions frequently 
encountered in academic environment, such as systematization of the information 
available, developing theories on the mechanisms of the processes, etc. [18]. 

For practitioners, the values of the apparent activation parameters enable 
modeling of processes without the necessity of a deeper insight into their mechanisms. 
This is the principal merit of the isoconversional methods. For modeling, Eq. (11) can 
be employed enabling the calculation of the isoconversional temperatures, times, 
reaction rates, etc. In order to integrate Eq. (11), both parameters Aα and Bα are needed. 
Temperature can be an arbitrary function of time [18].  
 
11.9.4. Non-Arrhenian character of crystallization and glass transition  

As discussed in the paper by Ozawa [56], crystallization is a complicated 
process, so that sometimes it is not well understood. The following two points are 
essential to be considered: 

1. In general, crystallization proceeds by two elementary processes, i.e., 
nucleation and growth. The temperature ranges of these processes are different from 
each other (see Fig.1). 

2. Generally, the Arrhenius law does not hold for these processes, except for 
special cases. For both processes, the temperature dependences are so complicated that 
the rate constants decrease below the melting temperature with increase of the 
temperature, and they increase in a lower temperature range with increase of the 
temperature. Approximated relations for constant rate of heating or cooling hitherto 
used for non-isothermal kinetics of chemical reactions are based on the Arrhenius law. 
Therefore, these relations cannot generally be applied for non-isothermal kinetics of 
crystallization [56]. 
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Hence, neither nucleation nor crystal growth kinetics obey the Arrhenius law. 
Despite this, in the field of thermal analysis, evaluation of the crystallization data is 
carried out exclusively on the methods based on the Arrhenius law. For the crystal 
growth it has been derived in [57] that the apparent activation energy can be expressed 
as 

( )g 0
m1

1 exp

HE E
H T T

RT

Δ
= +

⎡ ⎤Δ −
− ⎢ ⎥

⎣ ⎦

     (33) 

where E0 is the true activation energy of the crystal growth, Tm is the crystal melting 
temperature and ΔH is the enthalpy change of the liquid to crystal phase transformation. 
From Eq. (33) it is obvious that the apparent activation energy depends strongly on 
temperature. The apparent activation energy of the crystal growth becomes negative for 
temperatures higher than  

m

m
0

ln 1

HT T
HRT HE

Δ
=

⎛ ⎞Δ+ +⎜ ⎟
⎝ ⎠

Δ

     (34) 

A similarly complicated relationship could be derived from the paper [57] for the 
apparent activation energy of nucleation.  

It is necessary to emphasize that the apparent activation energies are obtained 
from the treatment of experimental data based on the Arrhenius equation [16,58]. This 
treatment implicitly involves the assumption that the kinetic data can be approximated 
by the Arrhenius equation within the range of temperatures measured. When using the 
methods based on the Arrhenius equation, the extrapolation of the results outside the 
temperature range of measurement must not be carried out [31]. 

Koga and Šesták showed that even the kinetic compensation effect 
mathematically results from the exponential form of the rate constant [16,59-61].. A 
change of activation energy is thus compensated by the same change in temperature or 
in the logarithm of the pre-exponential factor [59]. Non-Arrhenian functions in 
connection with the glass transition are discussed in ref. [62].  
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12.  CRYSTALLIZATION KINETICS IN AMORPHOUS AND      
GLASSY MATERIALS 

 
Daniel Švadlák, Pavla Honcová, Jiří Málek 

 
12. 1. Introduction 
 

The crystal growth in non-crystalline materials can be described within two 
approaches. The first one is direct microscopic observation of the growing crystal. This 
approach is based on different physical features of the amorphous and crystalline phase. Only 
methods of optical and electron microscopy (including their modifications) are used in this 
case. Morphology and isotropy of crystal growth is analyzed. The crystal-liquid interface can 
be described more closely by means of the standard growth models.  

The other often used access is the macroscopic approach which is based on an indirect 
study of the crystal growth. Such an indirect approach can be based on the specific behavior 
of the studied system during the crystallization process - thermal behavior of the system, 
intensities of diffractive lines of partially and fully crystalline samples, electrical conductivity 
or magnetic features of the crystalline phase. Among the most often used indirect methods 
belong the thermoanalytical techniques performed under isothermal or non-isothermal 
conditions. The essential part of the macroscopic approach is the kinetic analysis that provides 
certain kinetic parameters of the crystallization process (activation energy of the process, 
certain kinetic model for the process and the parameters of the model). 

The main subject of this article is to analyze the combination of microscopic and 
macroscopic studies of the crystal growth of Sb2S3 in highly undercooled melts of the 
(GeS2)x(Sb2S3)1-x system. The obtained results will be interpreted using the standard 
phenomenological models for the crystal-liquid interface. The interconnection and 
correlations between the microscopic and macroscopic approach can help to find a physical 
meaning of the kinetic parameters obtained from the DSC analysis. 

 
12. 2. Theoretical part 
 

Three phenomenological models are normally used for the description of the interface 
controlled crystal growth [1]: normal growth, screw dislocation growth and two-dimensional 
surface nucleated growth. These models are based on different assumptions concerning the 
interface and the nature of the sites on the interface where atoms are added and from where 
are removed. 
 
12.2.1. Normal growth 

According to the normal growth model [1-4] the interface must be rough on an atomic 
scale and is characterized by a large fraction of step sites where atoms can preferably be 
added or removed, which can be done from any other site on the crystal-liquid interface. This 
model does not require all sites on the interface to be step sites, but merely that the interface is 
characterized by a sizable fraction of such sites and that this fraction does not change 
appreciably with undercooling. According to this assumption and if the motion on the scale of 
a molecular diameter is involved in the interface jump process then the growth rate for normal 
growth model can be expressed as [5] 
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where u is the crystal growth rate, f is the interface site factor (the fraction of preferred growth 
sites on the interface) which is for this model close to the unity, a0 is the distance advanced by 
the interface in a unit kinetic process (in the range of a molecular diameter), D is an effective 
diffusion coefficient of the molecular species that control the atomic or molecular attachment 
at the crystal-liquid interface, ΔG is the free energy change upon crystallization, R is the gas 
constant and T is the absolute temperature of the interface in Kelvin degrees. For small 
departures from equilibrium, this model predicts a linear relation between the growth rate and 
undercooling. 

The free energy, ΔG, for a single component system can be expressed by 

G = M MT T pM
fM pT T

M

cT TH c dT T dT
T T

Δ−
Δ Δ ⋅ − Δ +∫ ∫  (2) 

where ΔHfM is the heat of fusion per mole, ΔT = TM-T is the undercooling where TM is the 
melting point, Δcp is the difference in specific heat between the liquid and crystal measured at 
T. If Δcp is constant over the temperature range then Eq. 2. can be rewritten with the Hoffman 
expression [6]: 
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If Δcp is unknown or equal to zero then the value of ΔG is calculated according to the 
Turnbull’s [5] approximation ( G = H /fM T TΔ Δ ⋅ Δ M ).  
 
12.2.2. Screw dislocation growth 
 According to the screw dislocation model [1-4,7] the growth takes place at step sites 
provided by screw dislocations intersecting the interface. Such dislocations would provide a 
self-perpetuating ledge as atoms are added to the interface. The proportion of this step sites on 
the interface is defined by parameter f given by: 

0

4 2M M

a G Tf
V Tπ σ π

⋅ Δ Δ
= ≅

⋅ ⋅ ⋅  

where σ is the specific surface energy of the melt and VM is the molar volume. The crystal 
growth rate is calculated according Eq. 1. with f defined by Eq. 4.  For typical departures from 
equilibrium the value of f is in the range of 10-2 to 10-3; it increases with increasing 
undercooling. For small departures from equilibrium this model predicts the growth rate 
which varies with the square of undercooling. The model provides a useful representation of 
growth if the interface is smooth on an atomic scale and imperfect, so that the growth takes 
place only at step sites provided by screw dislocation ramps. 
 
12.2.3. Two-dimensional surface nucleated growth 

In the 2-D surface nucleated growth model [1-3,8], the growth occurs by the formation 
and lateral growth of two-dimensional nuclei on the interface. The surface nucleation model is 
given by 

2
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where kB is the Boltzmann's constant and σe is the specific surface energy of the nucleus, VM 
is the molar volume, ns is the number of growth sites per unit area, and  Γ is the gamma 
function (an extension of the factorial function to real and complex numbers). The growth rate 
of this model varies exponentially with the undercooling and for small undercooling is 
negligible. This model is applicable if the interface is smooth on an atomic scale and readily 
formed (free of intersecting screw dislocations). 
 
12.2.4. Reduced growth rate 

The operative growth mechanism can be deduced from a plot of the reduced growth 
rate UR versus the undercooling ΔT. The reduced growth rate is given [3,9] 
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= ≈
Δ Δ

− − − −
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where u is the crystal growth rate and η is the shear viscosity. Thus the reduced growth rate 
indicates the operative growth mechanism via the temperature dependence of the interface site 
factor. Hence, for normal growth where the interface site factor is essentially independent of 
temperature, the reduced growth rate versus undercooling plot is expected to be a horizontal 
line. The relation defined by Eq. 8. should yield a straight line with positive slope passing 
through the origin for screw dislocation growth, and a curve with increasing positive slope 
passing through the origin for 2-D surface nucleated growth (Fig. 1.). 

normal growth

2-D surface nucleation
           growth            

screw dislocation
growth

 

 

ΔT 

U
R
 

 
Fig..1.: Variations of the reduced growth rate UR with ΔT for three limiting growth mechanism of 
crystal-liquid interface [10]. 
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12.2.5. Entropy of fusion 
The growth rate strongly depends on detailed structure of the interface. According to 

Jackson’s treatment of the interface [1-3], the entropy of fusion can be used to classify 
materials with respect to their crystallization and melting behavior.  

For materials characterized by low entropies of fusion (ΔSfM < 2R, where R is the 
universal gas constant and ΔSfM is the entropy of fusion per atom) is the most closely packed 
interface plane rough (Fig. 2.A) on an atomic scale for both, the crystallization and the 
melting. The anisotropy of the growth is small. There should be no barrier to the advance of 
the interface in either process, defects have no significant influence on growth. The crystal-
liquid interfaces are non-faceted for both, the crystallization and melting. The curves of 
melting rate and crystallization rate versus motive force (overheating or undercooling) 
continue with the same slope through the melting point. Examples of glassforming materials 
belonging to this group are SiO2, GeO2, GeS2 and other summarized in Table 1. The 
description of crystal growth for these materials is carried out using the normal growth model. 

The materials characterized by large entropies of fusion (ΔSfM > 4R) have the most 
closely packed interface plane smooth on an atomic scale (Fig. 2B) and the less closely 
packed interfaces is rough. The anisotropic growth is large. Defects strongly influence the 
growth so that the growth rate should not be described by the model of normal growth. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Fig. 2.: A –Crystal-liquid interface for materials characterized by low entropies of fusion (ΔSfM < 
2R), B - Crystal-liquid interface for materials characterized by large entropies of fusion (ΔSfM > 4R) 
[3]. 

 
Because of the significant difference in interface site distributions for the 

crystallization and melting the pronounced asymmetry is observed in the vicinity of the 
melting point. Consequently, except for the limiting cases the growth rates of these materials 
are not well described by the standard models for surface nucleation and screw dislocation 
growth. Examples of glassforming materials belonging to this group are inorganic and 
chalcogenide glasses and some organic materials summarized in Table X.2.  
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12.3.  Experimental 
 

The microscopic and macroscopic approaches were applied in the analysis of 
crystallization kinetics of Sb2S3 in (GeS2)x(Sb2S3)1-x glasses. The compositions where x = 0.1 
– 0.5 were prepared by the synthesis from pure elements (5N purity). A mixture of these 
elements (8-12 g of total weight) was placed in a quartz ampoule. The ampoule was then 
evacuated to a pressure of 10-4 Pa for 0.5 h, sealed and then placed in a rocking furnace. After 
heat treatment and homogenization at 950 °C for 17.5-20 h, the ampoule was rapidly cooled 
in water with ice. The amorphous nature of the quenched glass was examined by X-ray 
diffraction analysis and optical microscopy was used to verify the homogeneity of prepared 
materials. The glass transition temperature, Tg, the maximum of crystallization peak, TP, and 
the melting point, TM, were determined by differential scanning calorimetry at heating rate 
10 Kmin-1 (Table 3.).  

 

Table 3.: The values of glass transition temperature, Tg, the maximum of crystallization peak, 
TP, and the melting point, TM, during non-isothermal crystallization of (GeS2)x(Sb2S3)1-x glass 
for heating rate 10 K.min-1. 

(GeS2)x(Sb2S3)1-x Tg  Tp  TM 
 °C °C °C 

0.1 230 289 541 
0.2 238 340 520 
0.3 245 365 470 
0.4 256 395 456 
0.5 266 - 410 

 

12.3.1.  Optical measurements of crystal growth 
Optical measurements of crystal growth were performed by using Olympus BX60 

microscope and thin samples of primary materials (glasses about 1.5 mm thick) polished to 
optical quality. These samples were previously heat-treated in a computer-controlled furnace 
at selected temperatures for various times (central hot zone temperature was constant within 
± 0.5 °C). Temperatures were selected within a proper range (see Table 4.) optimal for each 
composition. These temperature intervals represent an optimum choice because outside of 
them the crystal growth rates are either too high or too low to be observed by microscopy. 
However, because of a sizable difference in reflectivity between the crystalline and 
amorphous phases it was possible to observe crystal growth kinetics in reflected light for a 
relatively wide temperature range. Only (GeS2)0.5(Sb2S3)0.5 composition was also studied 
using transmission polarized light. All heat-treated samples were extensively examined and 
the sizes of the well-developed crystals grown in the bulk material were measured and 
recorded. 

It was found that the crystallization process starts in all cases predominantly within the 
bulk of the annealed glass and the crystals grow from randomly distributed nuclei. The 
morphology of growing crystals changes significantly with composition in the 
(GeS2)x(Sb2S3)1-x system (Fig. 3.). 
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Fig. 3.: The morphology of growing crystals changes with the composition of glass from the oval 
crystalline aggregates for (GeS2)0.1(Sb2S3)0.9 to the needle-shaped crystalline aggregates in the case of 
(GeS2)0.5(Sb2S3)0.5.  
 
Table 4.: Temperature ranges of crystallization studied by optical microscopy and by 
differential scanning calorimetry during isothermal (iso) and non-isothermal experiments 
(non-iso) for the (GeS2)x(Sb2S3)1-x system. 

 
Composition 

 

 
optical microscopy 

 
DSC 
iso 

DSC 
non-iso 

(heating rate 10 K.min-1) 
 °C °C °C 

0.1 218.5-241.5 290-310 280-342 
0.2 252.0-282.5 316-328 309-393 
0.3 271.0-310.0 320-340 335-425 
0.4 293.0-327.5 - - 
0.5 331.5-364.0 - - 

 
12.3.2.  Calorimetric measurement of crystallization kinetics 

The calorimetric experiments were performed by a Perkin-Elmer differential scanning 
calorimeter (DSC) Pyris 1 (calibrated with standards Hg, Ga, In, Sn, Pb and Zn). The bulk 
samples (about 30 mg) of the studied glass were prepared in the form of thin plates both-side 
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polished to optical quality. The measurements were performed in the standard aluminum pans 
under dry nitrogen atmosphere. The crystallization behavior was studied under isothermal and 
non-isothermal conditions for x = 0.1; 0.2 and 0.3. Heating rates of 150-200 Kmin-1 were used 
in the initial step of isothermal measurements, i.e. when heating the samples from laboratory 
temperature to the selected isotherm temperature.  

The crystallization behavior was observed under non-isothermal and isothermal 
conditions. One glass transition and one exothermal crystallization peak were observed during 
heating the samples up to 550 °C. The crystallization peaks were found within the 
temperature range given in Table 4. for the heating rates 5–30 Kmin−1. Temperature ranges 
where the isothermal crystallization occurred are shown in Table 4. too. These intervals 
represent an optimum condition for isothermal measurement. At higher temperatures the 
crystallization response is too fast and due to significant time constant of the DSC instrument 
some part of experimental data may be lost. Lower temperatures bring another difficulty 
because the signal-to-noise ratio negatively affects the accuracy of the measurement. 
 
12. 4.  Results and discussion 
 
12.4.1.  Optical measurements of crystal growth 

Optical measurements of Sb2S3 crystal growth in (GeS2)x(Sb2S3)1-x glasses (x = 0.1 – 
0.5) were performed using optical microscope. The lengths of the crystallite long axis or 
diameters of aggregate crystalline structures were measured as a function of time at selected 
temperatures for different (GeS2)x(Sb2S3)1-x compositions (Table 4.). The time dependences of 
crystal length are linear for all temperatures and compositions. This type of behavior is typical 
for crystal growth controlled by interface kinetics. The logarithm of crystal growth rate u 
versus reciprocal temperature 1/T is shown in Fig. 4. The full lines correspond to the least-
square fit of experimental data. The activation energy of crystal growth EG was obtained from 
the slope of this plot (Table 5.), assuming the Arrhenius behavior 

GE
R T

0u(T) = u e
−

⋅⋅   (9) 

where T is the temperature, u is the crystal growth rate, u0 is the pre-exponential factor. 
The operative growth mechanism can be then assessed from the reduced growth rate 

UR given by the Eq. 8. For the calculations the value of entropy of fusion ΔSfM = 49.39 
Jmol−1K−1 and melting point of Sb2S3 TM = 550 °C were used [33]. Fig. 5. shows the plot of 
UR vs. undercooling ΔT calculated using the viscosity data reported for (GeS2)x(Sb2S3)1-x 
melts [42]. The positive curvatures of this plot suggest 2D surface nucleated growth for 
compositions x = 0.1; 0.2 and 0.3. For compositions 0.4 and 0.5 straight lines were detected 
but the fits of 2D surface nucleated growth were still better. Therefore the kinetics of crystals 
growth was for all compositions described by the 2D surface nucleated growth. According to 
Eq. 5. the ln(u⋅η) versus (T⋅ΔT)-1 plot should be a straight line with negative slope. This plot is 
shown in Fig. X.6. for all studied compositions. It is seen that the predicted linear dependence 
is confirmed for crystal growth of Sb2S3 in the whole range of temperatures. The parameters B 
and ln(C) (Eq. 5.) corresponding to the slope and intercept of these lines were obtained by 
using the least-squares fit (Table 6.). The straight lines for all compositions do not have any 
breakpoints which means that the crystal growth mechanism does not change in the observed 
temperature range.  
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Fig. 4.: Arrhenius plot of the crystal growth rate dependence on temperature measured by optical 
microscopy for different compositions of (GeS2)x(Sb2S3)1-x glass. The lines correspond to the least-
square fit of these data. 

Table 5.: The activation energy of crystal growth EG, activation energy of viscous flow Eη and 
activation energy of crystallization EA (obtained by DSC) in highly undercooled 
(GeS2)x(Sb2S3)1-x melts. 

 
 

(GeS2)x(Sb2S3)1-x 

 
 

growth data 
EG 

 
 

viscosity data 
Eη 

EA (DSC data) 
 

non-isothermal 
(Kissinger) 

isothermal 
(isoconversional 

method) 
 kJ.mol-1 kJ.mol-1 kJ.mol-1 kJ.mol-1 

0.1 405 513 253 280 
0.2 296 438 178 268 
0.3 288 485 167 242 
0.4 274 400 - - 
0.5 293 423 - - 

 
In Table 7. are the maxima of crystal growth rate and corresponding temperatures 

estimated using the simplified Eq. 5. 
 
Table 6.: Parameters B and ln C of 2-D surface nucleated growth model in Eq. 5. describing 
crystal growth kinetics in highly undercooled (GeS2)x(Sb2S3)1-x melts. 

 
 Composition of glass B x106 ln C 

(GeS2)x(Sb2S3)1-x [K2] [N.m-1] 
0.1 

 
 

7.3 ± 0.6 52.0 ± 3.6 
 

0.2 5.3 ± 0.2 34.1 ± 1.2  
0.3 5.0 ± 0.2 30.0 ± 2.0 
0.4 2.5 ± 0.1 14.7 ± 0.8 
0.5 1.5 ± 0.1  5.9 ± 0.3 
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Fig. 5.: Reduced growth rate UR versus undercooling ΔT for Sb2S3 crystal growth in highly 
undercooled (GeS2)x(Sb2S3)1-x melts. 
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Fig. 6.: Plot of logarithm ln(u⋅η) vs. (T⋅ΔT)-1 for Sb2S3 crystal growth in (GeS2)x(Sb2S3)1-x undercooled 
melts. The lines correspond to the least-square fit of the data. 
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Table 7.: The calculated values of the maximum of crystal growth rate and the corresponding 
temperature for undercooled (GeS2)x(Sb2S3)1-x melts (the model was predicted using Eq. 5. 
with parameter B and C from Table 6.). The range of viscosity where the crystal growth was 
observed is shown in the last column. 
 

(GeS2)x(Sb2S3)1-x Tmax u max log (η growth /Pa.s)  
 °C μm.min-1 - 

0.1 334 36886 9.48 – 11.92 
0.2 346 69 6.85 – 9.25 
0.3 357 44 4.54 – 7.66 
0.4 389 28 5.85 – 7.97 
0.5 421 20 4.57 – 6.43 

 
12.4.2.  Calorimetric measurement of crystallization kinetics 
 It is assumed that measured heat flow Φ is proportional to the overall crystallization 
rate dα/dt: 

                           
dH
dt
α

Φ = Δ ⋅  (10) 

 
where ΔH is the crystallization enthalpy and α is the conversion ratio.  This assumption can be 
made for small samples and moderate heating rates assuming that temperature and 
calorimetric calibrations were done properly. As the enthalpy change ΔH is a constant the 
crystallization rate can easily be calculated from the heat flow versus temperature plot. The 
fractional conversion α is then obtained by partial integration of these data (as a function of 
time t or temperature T). 

Determination of suitable kinetic model is based on the z(α) function which can be 
easily obtained by a simple transformation of DSC data. The z(α) function is defined under 
isothermal conditions as z(α) = Φ⋅t  and under non-isothermal conditions as z(α) = Φ⋅T2 [43]. 
The z(α) function is normalized within range 〈0, 1〉. The z(α) functions for crystallization 
measured under non-isothermal and isothermal conditions for  (GeS2)x(Sb2S3)1-x  glass where 
x = 0.1; 0.2 and 0.3 are shown in Fig. 7. 

0,0 0,2 0,4 0,6 0,8 1,0
0,0

0,2

0,4

0,6

0,8

1,0 (GeS2)x(Sb2S3)1-x

 0.1
 0.2
 0.3

z(
α

)

α

non-isothermal conditions
5 K.min-1

A

 

 
276



0,0 0,2 0,4 0,6 0,8 1,0
0,0

0,2

0,4

0,6

0,8

1,0

        isothermal conditions

(GeS2)x(Sb2S3)1-x

 0.1   305 °C
 0.2   325 °C
 0.3   339 °C

z(
α

)

α

B

 
Fig..7.: Normalized z(α) function for non-isothermal (A) and isothermal (B) crystallization of 
(GeS2)x(Sb2S3)1-x glass. Points correspond to DSC data and solid line is a prediction for JMA model. 
 

Characteristic value of maximum of z(α) function for nucleation-growth (JMA) kinetic 
model is 0.632 [43]. This value is a characteristic ‘fingerprint’ of the JMA model, and it can 
be used as a simple test of the JMA applicability. The maximum of z(α) dependences found 
for isothermal and non-isothermal conditions are summarized in Table 8. Taking into account 
these α (z)max values the crystallization process of Sb2S3 in the (GeS2)x(Sb2S3)1-x glass where x 
= 0.1; 0.2 and 0.3 can be described by JMA model under non-isothermal and isothermal 
conditions.  

The JMA model can be expressed as [44,45] 
 

1 exp[ ( ) ]nktα = − −  (11)  
 
     Here n reflects nucleation rate and growth morphology, and k is a function of temperature 
that depends on both nucleation rate and growth rate. Usually it is assumed that its 
temperature dependence can be expressed as  
 

(exp /Ak A E RT= ⋅ − )  (12)  
 
where R is the gas constant, A is the pre-exponential factor and EA is the effective activation 
energy that should not depend on temperature and the fraction transformed. The DSC data 
measured under non-isothermal conditions can be used to calculate the value of activation 
energy by Kissinger method [46] 
 

2
p

1ln( ) .
T

A

p

E konst
R T

β
= − ⋅ +  (13) 

 
where β is the heating rate and Tp is the temperature of the maximum of crystallization peak. 
Dependence of ln(β/Tp

2) on 1/Tp is the straight line with slope corresponding to EA. The 
obtained effective activation energies of the crystallization process for isothermal and non-
isothermal conditions are summarized in Table 5. 
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Fig..8.: Kissinger plot of the ln(β/Tp

2) dependence on 1/Tp in (GeS2)x(Sb2S3)1-x undercooled melts. The 
lines correspond to the least-square fits of the data. 

.  
Another method for determining EA for non-isothermal and also for isothermal data is the 
isoconversional method [47] 
 

1ln ln[ ( )] AEH A f
R Tα

α

αΦ = Δ ⋅ ⋅ − ⋅  (14) 

 
where f(α) is the analytical expression of the kinetic model. The linear plots of lnΦα versus 
1/Tα were obtained for different values of α. The values of effective activation energies were 
calculated from these slopes. These activations energies did not depend on the conversion 
ratio α in the range 0.3 ≤ α ≤ 0.7 and the values are summarized in Table 5. 

If nucleation frequency and growth rate vary in an Arrhenius way with temperature 
then the effective activation energy in Eq. 14. can be expressed as [48] 

 
N

A
GE mEE

n
+

≅  (15)  

      
where EN and EG are the activation energies for nucleation and crystal growth, m depends on 
the growth mechanism and dimensionality of crystals. For interface controlled growth m 
assumes the values, 1, 2 and 3 for one-, two-, and three-dimensional growth, respectively.  

The rate equation of crystallization process can be obtained by differentiation of Eq. 
11. with respect to time 

( ) ( ) 1 1/
1 ln 1

nd k n
dt
α α α

−⎛ ⎞ ⎡= ⋅ − − −⎜ ⎟ ⎣⎝ ⎠
⎤⎦  (16) 

 
278



                
It is very important to emphasize that Eqs. 13. – 16. have been derived strictly under 
isothermal conditions. Henderson [49] has shown that the validity of these equations can be 
extended to non-isothermal conditions under two assumptions: (i) the growth rate of a new 
phase is controlled only by temperature and it is independent of time, i.e. linear growth 
kinetics proceeds, (ii) homogeneous nucleation or heterogeneous nucleation at randomly 
dispersed second phase particles takes place (see also [50]). 

The value of parameter n can be calculated from equation [43]: 

max

1
1 ln(1 ( ))

n
yα

=
+ −  (17) 

where y(α) is a characteristic function defined under non-isothermal conditions as 
y(α) = Φ⋅exp(EA/RT) and under isothermal conditions y(α) = Φ [43,51]. The value of α(ymax) 
is maximum of  y(α) function and for isothermal and non-isothermal conditions are 
summarized in Table 8. The y(α) function for non-isothermal conditions was calculated for EA 
presented in Table 5. (Kissinger method). The particular values of JMA parameter n 
calculated from Eq. 17. for non-isothermal and isothermal crystallization are summarized in 
Table 9.  
 
Table 8.: Values of maximum of z(α) and y(α) functions for non-isothermal (non-iso) and 
isothermal (iso) conditions of crystallization for (GeS2)x(Sb2S3)1-x glasses. 

 

(GeS2)x(Sb2S3)1-x α (z)max α (y)max 

 non-iso iso non-iso iso 
0.69 ± 0.07 [51] 0.1 0.62 ± 0.04 0.35 ± 0.06 0.22 ± 0.06 [51] 

0.2 0.63 ± 0.03 0.63 ± 0.01 [52] 0.43 ± 0.02 0.34 ± 0.02 
0.3 0.67 ± 0.03 -

 
Table  9.: Values of kinetic parameter n of nucleation-growth model (JMA) describing non-
isothermal (non-iso) and isothermal (iso) crystallization data for (GeS2)x(Sb2S3)1-x glasses. 

 
 
 
 
 

 
 

0.48 ± 0.05 - 

(GeS2)x(Sb2S3)1 JMA(n) 
 non-iso iso 

1.7 ± 0.2 [53] 0.1 1.5 ± 0.4 
0.2 2.3 ± 0.2 1.7 ± 0.2 
0.3 2.3 ± 0.7 -

The crystallization process of Sb2S3 in the (GeS2)x(Sb2S3)1-x glasses where x = 0.1; 0.2 
and 0.3 can be described by JMA model under non-isothermal and isothermal conditions with 
parameter n = 1.5 - 2. 
 
12.4.3.  Comparison of crystal growth and DSC data 

It has been found that experimentally observed growth of Sb2S3 crystals in 
(GeS2)x(Sb2S3)1-x system (where x = 0.1 – 0.5) starts from nuclei randomly distributed in the 
volume of the bulk specimen. The time dependence of crystal growth corresponds to the 
linear behavior typical for interface controlled kinetics. Under these assumptions the JMA 
equation should be valid for both isothermal and non-isothermal conditions [49-55]. 
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Microscopic observations suggest that the crystallized sample is being formed by 
crystalline aggregates, showing no indication for a secondary nucleation. Therefore, one can 
assume that the nucleation and crystal growth processes are well separated and that the 
exothermic heat flow corresponds practically to the macroscopic crystal growth kinetics. This 
makes possible to neglect a complicated temperature dependence of nucleation frequency and 
then from Eq. 15. follows that E ≅ mEG/n. Microscopic observation reveals that spherulite 
type aggregates are made for x = 0.1 – 0.3 and this spherulites are composed from Sb2S3 
needle crystals that follow one-dimensional growth, i.e. m = 1. For compositions 0.4 and 0.5 
only separated needle Sb2S3 crystals that follow too one-dimensional growth are observed. 
When is m/n = 1 in Eq. 15. then the activation energies of crystals growth should be 
comparable to activation energies of isoconversional method. This has been confirmed only 
for x = 0.2 and 0.3 (see Table 5.). 

When the parameter of JMA model is 1.5-2 and m = 1 (one-dimensional growth of 
needles) the activation energies of crystallization calculated with Eq. 15. are 203 - 270 kJ.mol-
1 for x = 0.1; 148 - 197 kJ.mol-1 for x = 0.2 and 144 - 192 kJ.mol-1 for x = 0.3. These values 
are not so different to activation energies obtained by Kissinger method for non-isothermal 
conditions. 
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Fig. 9.: Temperature dependence of crystal growth rate and viscosity in (GeS2)0.1(Sb2S3)0.9 
undercooled melt. The dash dotted line corresponds to calculated data by Eq.X.5. Solid line 
corresponds to extrapolated viscosity data. [42,59] 

 
Fig. 9. [58,59] combines the experimental growth rate data, the curves calculated by 

using Eq. 5. for parameters from Table 6., and the viscosity data taken from Ref. [42]. Similar 
relations were found for other compositions of the (GeS2)x(Sb2S3)1-x system [59-61]. The 
growth of Sb2S3 crystals in undercooled melt of (GeS2)x(Sb2S3)1-x glasses observed by optical 
microscopy takes place at lower temperature than at which the crystallization detected by 
DSC under isothermal and non-isothermal conditions occurs. The calculated crystal growth 
rates for temperatures of isothermal and non-isothermal DSC experiments show that the 
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growth rates are in these temperatures intervals too fast and out of observation limits of 
optical microscopy method.  

The activation energy of crystal growth represents about 60-80 % of the activation 
energy of viscous flow in (GeS2)x(Sb2S3)1-x undercooled melt (Table 5.). The value of 
approximately 60 % has been reported for crystallization of glassy As2Se3 [36]. 
 
 
12.5. Conclusions 
 

The crystal growth kinetics of Sb2S3 in (GeS2)x(Sb2S3)1-x glasses where x = 0.1-0.5 has 
been studied by DSC and microscopy. In the temperature range studied by DSC one 
exothermic peak corresponding to the crystallization of Sb2S3 (stibnite) was detected. It was 
observed that the crystals grow from randomly distributed nuclei in the volume of the studied 
highly viscous undercooled melts. It has been confirmed that the crystal length increases 
linearly with time. This is indicative of the interface controlled crystal growth kinetics. The 
reduced growth rate plot (i.e., the growth rate corrected for mobility) versus undercooling 
suggests that the most probable mechanism of crystallization is for x = 0.1; 0.2 and 0.3 the 
interface controlled 2-D nucleated growth. For x = 0.4 and 0.5 the screw dislocation growth 
model was detected but the differences between experimental and calculated data for this 
model lead to the use of the 2D nucleated growth model instead. From the linear dependence 
of ln(u⋅η) versus (T⋅ΔT)-1 the parameters B and C for the 2D nucleated growth were 
calculated. The straight lines for all compositions do not have any breakpoints which means 
that the crystal growth mechanism does not change in the observed temperature range. The 
temperatures and crystal growth rate of maximum of crystal growth was approximately 
estimated. The crystallization behavior under non-isothermal and isothermal conditions was 
described by the Johnson–Mehl–Avrami model with parameter n = 1.5-2.  
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13.  ON THE APPLICATION OF DTA/DSC METHODS FOR THE 
STUDY OF GLASS CRYSTALLIZATION KINETICS 

 
Vladimir M. Fokin, Aluisio Cabral Jr., Marcio L.F. Nascimento,  

Edgar D. Zanotto, Jaroslav Šesták 
 
 
13.1. Traditional determination of overall crystallization kinetics by thermal 
analysis 
 

Thermoanalytical (TA) data, such as those determined by differential thermal 
analysis (DTA) and differential scanning calorimetry (DSC), are of macroscopic nature 
since the measured overall (observed) occurrence is commonly averaged over both the 
whole DTA/DSC peak and the sample assemblage under study [1-3]. Despite this fact, 
experimentally resolved shapes of TA curves have been widely used as a potential 
source for kinetic appreciation of solid-state reactions taking place in the sample (either 
internally or superficial) aiming to discriminate stepwise processes of nucleation and 
crystallization. The shape of a TA curve is often taken as a characteristic feature of the 
reaction dynamics and its kinetic interpretation is then mathematically linked with the 
analytical form of model functions, f(α), representing the overall reaction mechanism, 
which are a part of the traditional relationship:  

 
)()(/ ααα fTkdtd =′= ,         (1) 

 
where α is the volume fraction transformed at time t (or, for the case focused here the 
degree of crystallization) derived from the ratios of instantaneous and total areas 
encircled by a DTA/DSC crystallization peak.  

Determination of the so called kinetic constants, such as the value of activation 
energy, E (inherent in the Arrhenius equation  )/exp()( RTEATk −= ) is typically 
carried out in two reasonable ways, either to find directly a linear dependence between 
the functions involved, or by undertaking further differentiation or integration. A rather 
popular method of kinetic data analysis is based on expressing the maximum values on 
the dependence of α′ vs. T [1,2], which are often displayed as the Kissinger plot [4] 
(known since 1959)  and which, in various modifications [5], is applicable for a series 
of peak apexes at different heating rates [4-8] using the following expression:  
 

( )
m

m TR
ET 1)/ln( 2 =φ ,                    (2) 

 
where φ  is the heating rate and Tm is the peak (apex) temperature. Worth noting is the 
similar determination of activation energy for the structural relaxation [9] and viscous 
flow in the glass structure region from the heating rate dependence of the glass 
transition temperature Tg or the cooling rate dependence of the limiting fictive 
temperature Tf  using DTA/DSC traces [10].   

Recently the so-called integral methods of evaluation became more widespread. 
They are based on a modified, integrated form of the function f(α), which is determined 
as  
 

286



 

∫∫ ==
T

Too

dTTkfdg φααα
α

α
/)()(/)( .      (3) 

 
However, it should be emphasized that such a procedure involves the integration of the 
Arrhenius function k(T), which needs approximations [11], but which sufficiently 
precise calculation might be seen as a marginal problem, though it has led to 
exceptionally intense publication activity. It can be shown that its nature leads to simple 
solutions, because in most kinetic calculations the effect of the approximations is small 
and is thus routinely neglected, implying that k(T) is considered to behave as an 
isothermal constant, again, and  instead of a complex integration, is simply put in front 
of the integral ( ∫ ∫≈ dtTkdtTk )()( ), which is often hidden behind complicated 
mathematics [1-3,11]. It is worth noting that the plain passage between integral and 
differential representation must be reversible under all circumstances, though we may 
recollect early brainteaser of what is the true meaning of partial derivatives of a time-
temperature dependent expression of degree of conversion, ),( Ttαα =  [1,3], which 
was even misrepresented in former kinetic analysis of glass crystallization [12,13].  

The most intricate process is the resolution of a model function, f(α) [1-3] which 
is not known a priori and which is supposed to be determined in analytical form 
(simultaneously taking into account its plausible diagnostic potential). The specification 
of f(α) is thus required by means of substitution by an explicit or approximate analytical 
function frequently derived on basis of modeling the reaction pathways (mechanism) by 
means of physical-geometric assumptions [14]. Such models usually incorporate a 
rather hypothetical description of consequent and/or concurrent processes of the 
interface chemical reaction, nucleation, crystal growth and diffusion structured within 
the perception of simplified geometrical bodies being responsible for the built-in 
particles. Such a derived analytical function, f(α), determinedly depends on these 
physical-chemical and geometrical relations at the interface between the product and the 
reactants [3,15,16]. Let us remind that if we are not accounting on these interfaces or 
other inhomogeneity we deal with an apparently uncomplicated case of concentration-
dependent homogeneous reactions and f(α) is associated with the so-called reaction 
order, n)1( α− [1,3]. However, for glass crystallization the heterogeneity effects ought to 
be included, which is actually accounting the crystallite interfaces as an explicit 
disturbing ‘defect’. The mathematical description becomes thus more complicated due 
to the fact that not the (rather undeterminable) bulk concentration but the inherent phase 
interfaces may carry out the most significant function in controlling the reaction 
progress. The most common models are derived for isothermal conditions and are often 
associated with the so called shrinking-core mechanism, which maintains a sharp 
reaction boundary [3,15,16]. Using a simple geometrical representation, the reacting 
system can be classified as a set of spheres where the reaction interface must be reached 
by reacting components through diffusion. Any interfacial (separating) layer bears the 
role of kinetic impedance and the slower of the two principal processes, diffusion and 
chemical interface reaction, then become the rate-controlling process.  

Isothermal crystallization kinetics is traditionally evaluated using the generalized 
Johnson-Mehl-Avrami-Yerofeeyev-Kolmogorov (JMAYK) equation [17-20], which is 
accepted as the rate equation for all types of interface-controlled crystallization, as well 
as for the case of diffusion-controlled crystallization [1-3,21] in the comprehensive form 
of   

 
rtTk ))(()1ln( −=−α  (4) 
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Generally the exponent, r, can be seen as a multipart number as a robust analysis of the 
basic JMAYK equation reveals that the apparent (overall) values of activation energies, 
Eapp (particularly being the center of interest when determined on the basis of 
DTA/DSC measurements), can be commonly correlated to the partial activation 
energies of nucleation, EN, growth, EG and/or diffusion, ED. It follows that  
 

bda
bdEaEE GN

app +
+

= ,         (5) 

 
where a and b are characteristic multiplying constants providing that the denominator (a 
+ b d) equals to the power exponent, r, of the JMAYK equation, and the value b 
corresponds to 1 or ½ related to the movement of growth front controlled by either 
chemical reaction (1) or diffusion (½).  Moreover, the coefficients  d and b  are 
associated with the nucleation velocity and the growth dimension, respectively; see 
Table 1 [22].  
 
Table 1. DIMENSIONALITY OF NUCLEATION AND GROWTH 
 
nuclei⇓   growth⇒ Growth 

dimension 
Interface reaction 
      Eapp = 

Diffusion controlled 
           Eapp = 

Instantaneous nucleation 
from fixed sites 

 

1-D r=1,EG r=0.5, ED/2 
2-D r=2, 2 EG r=1,    ED 
3-D r=3, 3 EG r=1.5, 2 ED/3 

Constant rate of 
homogeneous nucleation 

1-D r=2, EG + EN r=1.5, ED /2 + EN 
2-D r=3, 2 EG + EN r=2,    ED  + EN 
3-D r=4, 3 EG + EN r=3,    3 ED /2 + EN 

 
 

This mathematical treatment can be extended to other thermal regimes (such as a 
non-isothermal, which is common during DTA/DSC measurements) by incorporating a 
temperature-dependent integration [23-26]. Such a case was analyzed in detail by 
Kemeny and Šesták [27] yielding the concealed but anticipated fact that the non-
isothermal equivalent of the isothermally derived JMAYK differs only by an 
integration-dependent, dimensionless multiplying constant [1-3,11]. However, the 
JMAYK relation bears its analytical integral form, too, i.e,  
 

( ) ( )[ ]pg ααα −−−= 1ln1)( ,        (6) 
 
 which is sometimes generalized into a two exponent (JMAYK modified) equation,  
 

( ) ( )[ ] ( ) mnpng ααααα −≅−−−= 11ln1)( ,      (7) 
 
where p is related to the original form of JMAYK through the relation )/11( rp −= . In 
practice, however, the introduction of new exponent n may result that both values of n 
and p may become numerically non-integral. The JMAYK equations (6) and (7) have 
been widely applied for the description of overall crystallization kinetics yielding 
numerous data on “apparent” activation energies and power exponents. When allowing 
for the existence of fractal exponents, there is almost no restriction to its matching 
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applicability, however, a simple preliminary test of the JMAYK applicability to a given 
type of DTA/DSC peak may be useful on basis of its asymmetry [28] and worth of 
application before actual kinetic analysis. The shape of continuous-heating DSC/DTA 
peak, which is supposed to be compatible with the JMYAK equation, is routinely 
asymmetrical (somewhat irrespectively to the power exponents) but the peaks always 
exhibit shifts of their apexes with increasing heating rate showing slower rise on its 
low-temperature (onset) side [29, 30]. Such a peak asymmetry is a characteristic feature 
for the majority of simple interface and/or diffusion controlled crystallizations. Any 
temperature pre-annealing usually increases its initially transformed fraction, which 
shifts the peak to lower temperatures and makes it broaden.    

Worth mentioning is another relevant alternative to the JMAYK crystallization 
kinetics, which is the so-called NGG mechanism (normal-grain-growth model) 
introduced by Atkinson [31], which has been effectively applied by Illekova [32] and at  
her chapter “Kinetic characteristic of nanocrystal formation in metallic glasses” in [33]. 
It factually reflects the process of coarsening of the microcrystalline phases, justifiable 
in most cases of nano-crystalline glass-ceramics (like finemetals) when the mean grain 
size is below 10 nm. In this instance, the shape of DSC/DTA exothermic peak becomes 
different with an atypical symmetry (when comparing with JMAYK peaks) with little 
shifts of the apexes with heating rate. The discrepancy results from rationales arising 
from the differences in JMAYK and NGG modeling. The process of pre-annealing has 
also different consequences increasing the initial micro-grain radius, thus shifting the 
onset of the NGG peak to higher temperatures and leading to a narrower transformation 
range.   

We should mention that the term  [ ]p)1ln( α−−   can be mathematically 
converted to another simpler function, αm, through an expansion in the infinite series, 
recombined and converted back. The resulting two parameter form, ( )nm αα −1 , is 
identical to the Šesták-Berggren (SB) equation [34], which has been widely used 
throughout kinetic examinations resulting in abundant literature on transformation 
kinetics [1-3]. This equation consists of two essential but counteracting parts, the first 
responsible for mortality, mα≅ (i.e., reagent disappearance and product formation) and 
the other for fertility, ( )nα−≅ 1  (i.e., a kind of product hindrance generally accepted as 
an ‘autocatalytic’ effect) resembling an extended reaction-order concept ( )nα−1  
(particularly when completed by the so called “accommodation function” mα  [35]). 
Such a SB equation has, however, no analytical form for its integral version, but is 
conventionally exploited in those cases where the standard JMYAK equation (6) fails to 
provide reasonable values of the power exponents loosing thus its desired diagnostic 
role and providing mere data fitting. Nevertheless this SB equation has become a 
standard method of kinetic evaluation [36] with a wide applicability [37] and, in some 
cases, used instead JMAYK equation [38-41]. 

There have been numerous studies on glass crystallization kinetics [2, 42-44], 
but their foremost trouble is that most kinetic data are assessed only on the basis of TA 
measurements, which are, in many cases, rather incompatible with visual observations 
[45]. We found some matching data between a DTA study and electrical measurements 
of conductivity [46,47] and did a thorough investigation on bulk and powder 
crystallization of glasses in the system SiO2-Al2O3-ZnO doped with ZrO2 [48,49]. DTA 
measurements were accomplished on glassy samples casted either directly to the DTA 
cells (diameter 7mm, height 10mm) or additionally powdered. Separate modes of 
nucleation and crystal growth were examined by optical observation in a microscope. 
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Good coincidence was found between the onset of DTA peaks with that calculated from 
optically determined nucleation and growth data. By application of the JMAYK 
equation, the DTA curve was reconstructed on the basis of the overall degree of 
crystallization adjusted to the nucleation and growth figures bestowing a rather good 
coincidence between calculated and measured curves. However, such a type of detailed 
analysis is often missing in recent studies though it is much needed for reaching a better 
appreciation of DTA measurements [50,51] and more trustworthy kinetic evaluation. A 
better elucidation of DTA/DSC measurements is the purpose of our contribution 
showing some examples in the next paragraphs. 
 
13.2. Determination of crystal nucleation rates from TA methods 
 
          About a century ago Gustav Tamman [52] proposed a method to estimate the 
number density of crystal nuclei in undercooled organic liquids. The technique relies on 
the development of such nuclei at a relatively high temperature (higher than the 
previous nucleation temperature) up to a size large enough to be visible with optical or 
electron microscopy. This method - known as Tamman’s or “development” method - 
has been extensively used to measure crystal nucleation rates in inorganic glasses since 
1968 [53, 54]. For a number of silicate glasses, nucleation rates varying from about     
10m-3s-1 to 1013m-3s-1 have been estimated by Deubener and Fokin respectively  [55]. 
This method gives correct values of the number of super critical nuclei, needed for 
estimation of the nucleation rates and the time-lag for nucleation, but is quite laborious  
and cannot be always employed. 
         Beginning in 1980s, other methods based on DTA/DSC experiments have been 
developed [56-61]. These non-isothermal methods are, in principle, faster than the 
traditional (isothermal) microscopy method and can be divided in two following groups:  
 i)  The first of them the crystal growth rate than on the number of crystals. 
allows one to determine the temperature dependence of the nucleation rates. To start a 
study of nucleation kinetics one often needs to know the  temperature range covering to 
the nucleation rate maximum. Such types of non-isothermal methods are based on the 
reasonable assumption that the inverse temperature of the crystallization peak, 1/Tc, on a 
DSC/DTA curve is proportional to the number density of nuclei, since the higher the 
crystal number the faster is the overall crystallization kinetics and, hence, the release of 
the heat of crystallization can be detected at a lower temperature. Therefore, a plot of 
1/Tc versus TN, the temperature of pre-nucleation heat treatment for a given time may 
reflect the temperature dependence of the nucleation rate, or more exactly, the crystal 
number density nucleated in a given period of time.  Sometimes, the height of the 
crystallization peak is used, since, to a first approximation, the peak area is considered 
constant, but it is noticeable that its width decreases with increasing crystal number. 
This effect results in an increase of the height of the exothermic peak.  It should be 
noted, however, that the time necessary for full crystallization, which determines the 
width of the crystallization peak, depends more on  
ii)  The second method, proposed by Ray and Day [60], is based on a pre-heat 
treatment of the glass samples to induce partial crystallization and on the estimation of 
the crystallized volume fraction by the decrease of the crystallization peak area, A, of 
the residual glass on a DTA/DSC curve. The preliminary nucleation at TN for time tN 
plus growth at TG > TN for time tG lead to a decrease of the fraction of residual glassy 
matrix. The crystallized volume fraction, α, is given by the above mentioned JMAYK 
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(Jonhson-Mehl-Avrami-Yerofeeyev-Kolmogorov [17-20]) Eq. (4) adjusted for a more 
detailed description of growth of a given number of crystals with constant rate U: 
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⎠
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Here  ))(( atNN NtTI +  is the total number of  nuclei formed by nucleation at TN with rate 
I plus athermic nuclei (Nat), which include the nuclei formed during cooling of the melt 
(quenched-in nuclei, Nq) and during the heating run up to the temperature TG. 
The decrease of the residual glass fraction due to preliminary 
crystallization reduces the crystallization peak area, A, since, in the 
general case, it is proportional to the mass of transformed material. Varying the growth 
time, tG, at fixed nucleation conditions (TN, tN) one can change α and hence A. The 
following equation was proposed by Ray and Day [60] for the ratio of the peak areas 
corresponding to different tG 
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where M1 and M2 are the sample mass for two DSC runs corresponding to the time of 
preliminary growth, tG1 and tG2, respectively.  
 To derive Eq.9 the exponent in Eq.8 was expanded. Hence Eq.9 is limited to α ~ 
0.2-0.3. By knowing Ai, Mi, (i=1, 2) and U(TG), via Eq.9 one can estimate Nat together 
with the number of crystals NItN =  nucleated at TN. The number of athermic crystals 
can by estimated separately by the same equation, with the difference that the 
preliminary crystallization step does not include the nucleation procedure, i.e.  tN=0. 

 Tests of the above described methods have been performed in refs. [60, 61] 
using literature data for the nucleation and growth kinetics in stoichiometric lithium 
disilicate, Li2O·2SiO2 (L1S2) and sodium calcium silicate, Na2O·2CaO·3SiO2 (N1C2S3) 
glasses revealing volume nucleation. However, the overall crystallization kinetics is 
very sensitive to the crystal growth rate, which in turn strongly depends on the glass 
viscosity, and this can be significantly affected by impurities that are often not 
controlled, e.g. “water”. Moreover, to correctly employ the value of growth rate one has 
to know the shape of the crystals. 

The aim of this chapter is thus to describe an experimental test of the main 
assumptions underlying the above DSC/DTA methods by using glass samples produced 
from the same melts for both the thermo analyses and direct measurements of 
crystallization kinetics by optical microscopy (sometimes we analyzed by optical 
microscopy samples before and after a DSC run). We will give special attention to the 
ratio between surface and volume crystallization, and also to the presence of quenched 
in nuclei, since the knowledge of their number is relevant for the estimation of the 
number density of crystals nucleated at given temperature. We do not perform an 
extensive analysis; our main purpose is merely show that the use of DSC/DTA 
techniques for the study of crystallization kinetics demands utmost care, since thermo 
analysis is an integral method and is not self-reliant. 
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Following refs. [60, 61], two silicate glasses with stoichiometric compositions 
Li2O·2SiO2 (L1S2) and Na2O·2CaO·3SiO2 (N1C2S3) were employed as “model” objects. 
The glasses were synthesized in a platinum crucibles in an electrical furnace at 1450-
1500oC for 2 hours. The chemicals were sodium, lithium, and calcium carbonates of 
analytical grade and ground Brazilian quartz (>99.99% SiO2).   The chemical analysis 
of the sodium calcium silicate glass is shown in Table 2.  
 
Table 2. 

 

 
 
 The temperature of the DSC crystallization peak of the parent L1S2 glass, which 
is highly sensitive to small departures of stoichiometry [62], and the experimental 
values of the nucleation and growth rates give indirect evidence that its composition is 
close to stoichiometric lithium disilicate.  Thermo analyses were performed in a Netzsch 
404 Differential Scanning Calorimeter (DSC) using bulk samples of about 35-38 mg. 
The Tammann method [55] was employed to directly measure the crystal nucleation 
rates. The crystal sizes, numbers, and respective volume fractions in properly heat 
treated glass samples were estimated by a Leica DMRX optical microscope coupled 
with a Leica DFC490 CCD camera. 
 
 13.2.1 Number of crystal nuclei and crystallization peak temperature. 
          To create different numbers of supercritical nuclei, the glass samples were heat 
treated for different periods of time at temperatures of appreciable nucleation rate. Then 
each sample was divided into two pieces: one of them was submitted to a DSC run with 
heating rate of 10oC/min, and the other was heat treated at a higher temperature to 
develop the nucleated crystals up to visible sizes in an optical microscope and to 
estimate its number density by stereological methods. Figs.1 and 2 show the number of 
crystals versus nucleation time at T=473 at 590oC for L1S2 and N1C2S3 glasses, 
respectively. The solid lines resulted from fitting the experimental values N(t)  to the 
Colins and Kashchiev equation [63, 64] 
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where τ is the time-lag for nucleation , which characterizes the time to achieve a steady-
state nucleation rate Ist.  The doted lines are the asymptote of Eq.(10) 
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  Na2O 

mol % 

CaO 

mol % 

SiO2 

mol % 

Nominal  16.67  33.33  50 

N1C2S3 glass  17.2  32.3  50.5 
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Fig.1 Number density of lithium disilicate crystals versus nucleation time at T=473oC 
measured by the development method. The lines 2 and 3 were plotted according to  Eqs. 10 and 
11, respectively. 
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Fig.2. Number density of crystals in N1C2S3 glass versus time of nucleation at T=590oC 
measured by the development method. The solid and dotted lines were ploted by using Eq.10 
and Eq.11, respectively. 
 

293



 

 

0.00E+000 5.00E+013 1.00E+014
1.0x10-3

1.0x10-3

1.1x10-3

 -1
 -2
 -3
 -4

1/
T c, 1

/T
x[K

-1
]

N, m-3

 
 

 
Fig.3. 1/Tc (1) and 1/Tx (2) versus N for lithium disilicate glass. The lines were fitted to Eq.16, 
see text. 
 
Fig. 3 shows the dependencies of 1/Tc and 1/Tx on the number of crystal nuclei 
preliminary nucleated in glass L1S2 at T=473oC. Tx and Tc are, respectively, the 
temperatures of onset and maximum of the crystallization peaks (the volume fraction of 
crystals after typical nucleation treatments is vanishingly small and can be neglected). 
As we expected this dependency is not linear, and close to logarithmic. The non linear 
dependencies of Tx, peak height and half-width on the nucleation time at T=453oC were 
shown in ref. [58] for lithium disilicate glass. However, the induction time for 
nucleation at this temperature (about 3h) has the same magnitude as the total nucleation 
time (10h) used in ref. [58]. This fact, however, complicates the analysis of their results. 

The following rough model can describe the experimental data shown in Fig.3. 
We suppose that at the moment when the heat of crystallization is detected by DSC 
(DTA) the volume fraction crystallized achieved the value α. To estimate the 
crystallized volume fraction we employ the JMAYK equation (Eqs.8, 12) neglecting 
crystal growth at temperatures lower than Tx (or Tc). We also neglected the athermic 
crystals since, as will be shown later, for the present glasses and experimental 
conditions their number is very low as compared with N.  
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We thus believe that this volume fraction α was crystallized via growth with rate U(Tx) 
in a narrow temperature interval characterized by some effective temperature close to Tx 
(Tc) of the crystals preliminary nucleated at TN [ NN tTIN )(= ]. Since, in the 
temperatures of interest, the morphology of the lithium disilicate crystals is close to  an 
ellipsoid of revolution, with growth rates along the minor and major diameters Umin and 
Umax , respectively, the growth rate in Eq.12 must be replaced by: 
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Then Eq.12 can be rewritten as 
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Thus, by knowing the temperature dependence of these crystal growth rates, one can 
estimate the temperature corresponding to the value of Umax given by Eq.14.  

 
Fig.4. (a) Major and minor crystal axes of lithium disilicate crystals versus time of heat 
treatment at T=600oC. The lines are linear fits to the experimental points. (b) Arrhenius plot for 
the crystal growth rate of the major crystal axis [65]. The solid line is a linear fit of the high 
temperature part of the plot. The black star refers to the data of Fig.4 (a). 
 
Fig.4 shows, as an example, the values of the maximum and minimum diameters of 
lithium disilicate crystals versus heat treatment time at T=600oC. The inset shows 
literature data on the temperature dependence of Umax for lithium disilicate glass [65] in 
Arrhenius coordinates. The star corresponding to T=600oC (our own data for the present 
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glass) is very close to the other points. At high temperatures Umax(T) can be 
approximated by the following equation (see solid line in Fig.4, inset) 
 

T
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1
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Combining Eqs.(14) and (15), one obtains 
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Thus Eq.16 gives an inverse effective temperature (at which the volume fraction 
crystallized  arrives at the value α during period of time t) as a function of the number 
of crystals, N. Curves 3 and 4 on Fig.3 were plotted using Eq.16 for  t=90s and α= 0.2 
and 0.1, respectively. C=10 oC/min with t=90s corresponds to a temperature interval of 
15oC. Despite the rough approximations, this model with reasonable parameters gives a 
semi-quantitative description of the experimental data. It should be noted that the model 
does not take surface crystallization into account (that is most important for low values 
of N). May be this would be the reason why at low values of N the experimental points 
are above the calculated curves (see Fig.3). Fig.5 shows a similar dependence for 
N1C2S3 glass 
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Fig.5  1/Tc  versus N for a stoichiometric soda-lime-silica glass, N1C2S3. 
 
The following comments on the method employing the shift of the crystallization peak 
position to estimate nucleation rate curve should be done: 
 (i). This method gives an accurate temperature dependence of the nucleation 
rate only if non-steady nucleation can be neglected, i.e. the equality 

NNstN tTITN )()( = holds, where Ist is the steady-state nucleation rate. This is 
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the case of relative high temperatures or long heat treatment time tN that significantly 
exceeds the time-lag for nucleation at all studied temperatures. In all other cases the 
method will distort the temperature dependence of the nucleation rate at low 
temperatures (especially close to or below the glass transition temperature). As an 
illustration, Fig.6 shows the number of lithium disilicate crystals versus  
nucleation temperature for a fixed nucleation time t=3h (same time used in ref. [58]) 
together with the number of crystals which should be nucleated during the same period 
of time if steady-state nucleation had been achieved. Fig.7 shows similar plots for 
N1C2S3 glass. It is clear that due to the time-lag for nucleation the above method has to 
lead to a significant decrease of the temperature interval of detectable nucleation rate for 
L1S2 glass, and only to a weak one for N1C2S3 glass which at given temperatures has a 
time-lag lower than that in lithium disilicate glass. However, it is difficult to take into 
account the effect of time-lag if nucleation data is not preliminary available. 
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Fig.6. Number of lithium disilicate crystals N nucleated during 3h versus nucleation 
temperature (1) and nucleated during the same period of time in the case of the steady- state 
nucleation (2). The dotted line shows the value of N above which the position of the 
crystallization peak in a DSC curve changes very weakly (see Fig.4). Plots were obtained using 
experimental data [66]. 
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Fig.7. Number of crystals N nucleated in N1C2S3 glass during 3h versus temperature of 
nucleation (1) and nucleated during the same period of time in the case of the steady- state 
nucleation (2). The dotted line shows the value of N above which the position of the 
crystallization peak in a DSC curve changes very weakly (see Fig.5). Plots were obtained using 
experimental data [67]. 
 
 (ii). As we have shown experimentally and theoretically (see Figs.3 and 5) the 
dependence of 1/Tc on crystal number density is close to logarithmic. This means that 
the sensitivity of the method depends on N, i.e. the temperature shift of the 
crystallization peak for low values of N is much stronger that for high values of N. For 
L1S2 glass the change of the sensitivity occurs at N about 5000 mm-3 (marked by the 
doted line in Fig.6). Since the method implicates a constant nucleation time, tN, N 
depends on the temperature of nucleation (see Figs.6 and 7). Hence, if the values of 
N(TN) belong to different parts of the 1/Tc vs N plot, the shift of the crystallization peak 
temperature would be stronger for temperatures below and above the maximum 
nucleation rate than that corresponding to  the temperatures of maximum. This is the 
case of L1S2 glass (Fig.6), while for N1C2S3 glass all values of N(TN) belong to the same 
part of 1/Tc vs. N plot (see Fig.7). Thus the logarithmic dependence of 1/Tc on N can 
forge the shape of the temperature dependence of the nucleation rate.  Hence, similarly 
to the case discussed in the previous paragraph, to take into account the non linear 
dependence of 1/Tc on N some nucleation data for the glass understudied are required. 
 
 13.2.2. Quench-in and athermic nuclei 

As we have shown in the first paragraph, the method to estimate the number of 
nucleated crystals elaborated  by Ray, Fang and Day [60] yields the total number of 
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nuclei (not only formed at the given nucleation temperature N(TN), but also the nuclei 
nucleated at non isothermic (and not always controlled) regime denoted athermic nuclei, 
Nat). To estimate Nat independently on the method suggested in ref. [60], we simulated 
DSC runs with different heating rates in an electrical furnace. Samples of L1S2 glass 
were dropped into a vertical furnace at T=400oC, heated with a rate C up to TG=600oC, 
and then treated at this temperature for 40 min to allow crystal growth up to a 
microscope detectable size.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig.8. Number density of athermal lithium disilicate crystals  versus heating rate . Heat 
treatments were performed in a vertical electrical furnace (1) and in the DSC furnace (2).  
 
Fig.8 shows Nat versus heating rate C. The star refers to heat treatments performed 
directly in the DSC furnace with the following schedule: 20oC-5oC/min-40 oC (5 min) - 
20oC/min-620oC (20 min) - 20oC/min-20oC. A higher value of C was realized when the 
samples dropped into the furnace preliminary stabilized at TG=600oC. A photo of this 
sample is shown in Fig.9.  

As one can see, the dependence of Nat on C is not linear, as could be expected in 
the case of steady-state nucleation. The effect of non steady-state nucleation is more 
pronounced at high values of C. In this case the time spent by the sample during the 
passage through the temperature range corresponding to the non steady-state nucleation 
is lower than the induction period for nucleation.   

One can distinguish two kinds of lithium disilicate crystal morphology. One of 
them is an ellipsoid of revolution observed in Fig.10, in front and plan views. The other 
form is spherulitic (Figs.10 and 9). It should be noted that the spherulite diameters are 
close to the maximal diameters of the ellipsoids (Fig.10). The number density of 
spherulitic crystals is extremely low (about 2 mm-3) and does not depend on the heating 
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rate C. This is why we suppose that these spherulitic crystals nucleated on the cooling 
path during glass preparation and were grown at TG=600oC.  In other words, these are 
quenched-in crystals. Opposed to the quenched-in crystals, crystals formed via double 
stage heat treatment at nucleation and growth temperatures, or nucleated during relative 
low heating or cooling rates (i.e. crystals having some period of time for growth at the 
nucleation temperature)  have a prolate ellipsoidal shape  (see e.g. Fig.10). According to 
the  experimental data shown in Fig.8, the number of athermic crystals nucleated during 
heating with 20oC/min up to TG=600oC  is about 20 mm-3. This value is lower than that 
estimated in ref. [60] by the DTA method (see Eq.9) by a factor of 450. Such 
overestimation of Nat results in the error of estimation NItN =  and the time-lag for 
nucleation.  
 

 
 
Fig.9. Micrograph (transmitted polarized light) of a L1S2 glass sample treated at TG=600oC 
during 40 min (heating rate from 20 to 600 oC was about 300oC/min). The sampler is shaped as 
a plane-parallel plate of thickness 1.4 mm. 
 

One should also recall that the DTA (DSC) method does not take into account 
surface crystallization ipso facto attributing the decrease in the crystallization peak area 
only to the preliminary volume crystallization. The following part will deal with the 
discrepancy between calculated and measured numbers of Nat, and the ratio between 
volume and surface crystallization. 
 
 13.2.3. Surface and volume crystallization 

It is often assumed that if one uses large glass samples it is possible to neglect 
surface crystallization for analyses of overall crystallization kinetics. For instance, Ray 
and Day stated [68, 69] that internal crystallization in L1S2 glass dominates over surface 
crystallization when the glass particle size exceeds ~300μm.  However, it is clear that 
the ratio between the volume and surface crystallized fractions also depends on the 
intensity of the internal nucleation rates [50].  

In the extreme case when the glass does not undergo internal nucleation or when 
it is very weak, surface crystallization dominates for all particle sizes. Thus the above 
characteristic size is a relative quantity depending on the time and temperature of 
crystallization. We carried out heat treatments of a glass powder similar to that used in 
the DTA run performed in ref. [60] to estimate Nat. The L1S2 glass powder with size of 
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400-500μm was heat treated in the DSC furnace at the following schedule: 20-40ºC 
(5ºC/min); 40ºC (10 min); 40-600 ºC (20ºC/min); tG = 20 min; 600-20ºC (20ºC/min). 
Fig.11 shows photos of the glass particles subjected to the above heat treatment. It 
should be noted that the fine structure refers to the morphology of the crystallized 
surface layer. Only a few isolated crystals are observed in the particle’s interior. Due to 
the non regular form of the particles it is difficult to quantitatively estimate the ratio 
between the fractions of the surface and volume crystals.  
 
 

 
 

 
Fig.10. Micrographs (transmitted light) of lithium disilicate crystals in L1S2 glass after heating 
with C=10oC/min up to TG=600oC and holding at this temperature during 40 min. Ellipsoids of 
revolution in plan (1) and front (2) views, and spherulitic (3) lithium disilicate crystals can be 
observed.  
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Fig.11. Photos in transmitted light of L1S2 glass particles after treatment performed in the DSC 
furnace (see text). 
 

However, it is obvious that the volume of crystals inside the particles is lower 
than that of the crystals growing from the surface. For numerical comparison of 
fractions of surface to volume crystallization we performed DSC run (20oC-5oC/min - 
40 oC (5 min)-20oC/min-620oC (tG=20 min)-20oC/min-20oC) of L1S2 glass sampler with 
regular form 3.3x2.8x1.2 mm3.Analysis of this sample via optical microscopy show that 
only 20% of the total crystalline phase corresponds to volume crystallization of 
athermic crystals.  This means that neglecting surface crystallization one attributes its 
volume to crystals nucleated in the volume of sample and hence overestimates the 
number density of the latter. This effect is more pronounced when the crystal number 
density is low, as e.g. in the case of the athermic crystals. Of course, the contribution of 
volume crystallization increases when the glass sample is subjected to a preliminary 
nucleation heat treatment. Such the sample of L1S2 glass with sizes 3.4x3.5x1.3 mm3 
after DSC run including keeping at nucleation temperature (20-40ºC (5ºC/min); 40ºC 
(10 min); 40-480 ºC (20ºC/min), tN=30min;  480-620 ºC (20ºC/min), tG = 10 min; 600-
20ºC (20ºC/min) revealed a ratio between surface and volume fractions of crystalline 
phase about1:3.3. 
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 13.2.4. Area of exothermic DTA/DSC crystallization peak 
The method of Ray, Fang and Day [60] to estimate the number of nucleated 

crystals, briefly described previously, is based on the reasonable assumption that the 
area of a DTA (DSC) crystallization peak is proportional to the mass of crystallized 
glass. This assumption is correct if the change of sensitivity of the method with 
temperature is neglected. Thus one can expect that the area of the crystallization peak of 
the samples with the same mass or reduced per unit mass does not depend on 
the number density of the preliminary nucleated crystals. The temperature and time of 
the nucleation heat treatment have to be chosen in such way that the volume of nuclei 
can be neglected. This condition was fulfilled for the data presented in Fig.12.  
  

 
Fig.12. Area of the crystallization peak versus number of crystals for L1S2 (a) and N1C2S3 (b) 
silicate glasses. 
 

Indeed the variation of A with the number of crystals for L1S2 glass are within 
the error (Fig.12a), while in the case of N1C2S3 glass (Fig.12b) one can see a weak but 
well defined decrease of A as the number of crystals increases. Note again that the 
volume of previously formed nuclei did not exceed 0.05%. The observed effect cannot 
be explained by the change of the sensitivity of method with temperature since an 
increase of N results in a decrease of Tc (see Fig.5), while the sensitivity increases with 
decreasing temperature. This means that the fully crystallized N1C2S3 glass does not 
achieve equilibrium and the degree of non equilibrium is higher when the number of 
crystals is larger, i.e. the system has a more fine structure. Two reasons for the above 
effect seem now more probable. First of them is the structural and compositional 
inhomogeneity of the crystallized sample. One should recall that 
Na2O·2CaO·3SiO2 crystals form via nucleation of a sodium rich solid solution that 
during the growth process approaches the stoichiometric composition [70]. The second 
possibility is elastic stresses that can arise in a polycrystal. We show these dependencies 
of A on N only to illustrate that the obvious assumption about the proportionality of 
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mass of glass subjected crystallization to the area of an exothermic DSC peak is not 
always fulfilled. 
      In conclusion we can say that a robust application of the JMAYK equation, in 
integral and derivative forms, which is frequently based on the mean values of the 
crystallization degree (estimated from DTA/DSC measurements) brings some doubtful 
results, despite the fact that a rather good discrimination of the power exponent can be 
achieved and can thus be related to distinguishing certain type of nucleation-growth 
processes, cf. Table 1. This is caused by insensitive management of averaged values 
determined by DTA/DSC detection of overall heat changes associated with such 
complex processes. Thus, it is contemplative to concentrate only on a more   estranged   
elementary   process, most wishful being the nucleation or growth separately.  In this 
chapter we have focused only on the first the dependence of DSC/DTA crystallization 
peak position on the number of pre-existing nuclei is not linear. This effect together 
with the non-steady state nucleation (which is most significant at some temperature 
range below or just above Tg) modifies the real temperature dependence of the 
nucleation rate when one employs non-isothermal methods.  
           The ratio between volume and surface crystallization depends not only on sample 
size, but also on the internal crystal number density. The role of surface crystallization 
is more pronounced when the number of crystals in the volume is low, e.g. in the case 
of athermic crystals. Hence particle size alone is not sufficient to estimate the relative 
importance of surface crystallization. The area of a DTA/DSC crystallization peak can 
also be affected by the formation of non equilibrium phases or by elastic stresses. One 
needs some preliminary data on nucleation and growth rates of the studied glass to take 
into account all above effects when employing DTA/DSC methods to study crystal-
lization kinetics. On the other hand, when properly employed these non isothermal 
methods can give useful kinetic information in a rather fast and convenient way. 
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14.  CRYSTALLIZATION OF METALLIC  
MICRO- AND NANO-CRYSTALLINE GLASSES 

 
Emília Illeková,  Jaroslav Šesták 

 
14. 1. Introduction to metallic glasses 
 
  The precursors of the foregoing kinetic analyses are rapidly quenched alloys by using 
a rapid cooling  rate ( > -105 K min-1 applied by the planar-flow casting technique [1]), which 
are in the form of  ribbon-shape samples (thickness ~ 20-30 μm, width ~ 6–10 mm, length of 
several m) and also slowly cooled samples (cooling rate < -102 K min-1 providing a bulk-
shape metal-metalloid and multi-metallic alloys with the dimension > 1mm). The products are 
completely crystalline or partially crystalline heterogeneous composites. 
 The crystallization of metallic glasses has been studied to a large extent (e.g. in [2-4]) 
still remaining an active area of research due to various characteristic peculiarities of its 
crystallization kinetics. A new methodological approach for the kinetic analysis has been 
practiced; it is based on the complexity of both  the isothermal and the continuous heating, 
differential in its form of  integral examinations, where especially the Suriñach’s curve fitting 
procedure was introduced and successfully utilized [5,6]  for both isothermal and continuous 
heating. The crystallization kinetic parameters have been determined and followed by the 
concluding interpretation upon assuming certain mechanisms, which are deduced within the 
scope of the classical (nucleation-and-growth abbreviated as JMAYK) mechanism as well as 
within an alternative (normal-grain-growth abbreviated as GG) kinetic law. Results are a part 
of a current systematic investigation of the thermodynamic stability and crystallization of the 
Pd-Si-based, Fe-Co-B, Fe-Si-B-based and Al-based metallic ribbons. Results have been 
generalized for a variety of rapidly quenched metallic ribbons from a binary metal-metalloid  
up to the multi-component metallic alloys  established according to the kinetics of their 
crystallization. The glasses have been divided into two types, namely the conventional 
metallic glasses and the multi-component precursors for the nano-crystalline alloys. 
 
14. 2. General reviewing of crystallization kinetics 

The classical theory of crystallization of solids/liquids [7,8] is briefly revised even 
though the widespread amount of crystallinity can often be detected already before the 
completion of devitrification into the undercooled liquid state of metallic glasses. Generally 
saying, crystallization typically occurs by two independent but inter-correlated elementary 
events, i.e., nucleation and growth, each of them being controlled by either mechanisms: 
diffusion of atoms (or movable units) to, through, or out of the liquid (or glassy matrix) 
crystal interface and surface chemical reaction (i.e., incorporation of reacting units into and 
out of the interface). Nucleation may be homogeneous or heterogeneous, or there may be pre-
existing nuclei (homogeneous or heterogeneous, internal or surfacial). Growth may be 
primary, eutectic or polymorphic [3]. For a partially transformed material, in which the 
transformed regions, i.e. the crystalline grains, are randomly dispersed, the volume fraction 
transformed x is related to the extended volume fraction xex [7-23], When ignoring 
impingement we obtain a traditional exponential proportionality: 

 
x = 1- exp (- xex )                                         (1) 

 
where xex is easily derivable in the customary isothermal case as shown in comprehensive 
literature [7-23]. The same treatment, however, can be extended to any exposed thermal 
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regime (such as a non-isothermal common during DTA/DSC measurements) when assuming 
temperature-dependent integration [14-16]. Such a distinctive case  was analyzed in details by 
Kemeny and Sestak [17] yielding the concealed but anticipated fact that that the non-
isothermal equivalent of the isothermally derived JMAYK relation is almost correspondent 
differing just by the integration-dependent multiplying constant, which is reliant to the means 
of approximation of the temperature integral [18].  

Routinely proceeding xex = (4π/3) N0u3t3 for spherical crystals with radii growing in 
time t at a constant rate u on a fixed number of nuclei per unit volume N0 of already existing 
sites. When nucleation occurs at a constant frequency per unit volume, i.e., with a constant 
nucleation rate I, then xex = (π/3) Iu3t4. The extended volumes are additive, so for a material 
with both the pre-existing and new nuclei sites we can write, 
   

x = 1 – exp [ - (π/3) u3 (4N0t3 + It4)].         (2) 
 
Commonly, isothermal kinetics of crystallization of metals is evaluated using the generalized 
Johnson-Mehl-Avrami-Yerofeeyev-Kolmogorov (JMAYK) relation [9-12] (which is accepted 
as the rate equation for all types of interface-controlled crystallization as well as the 
approximate rate equation in the case of the diffusion-controlled crystallization [9,10,20]) 
 

αT(t) = 1 – exp [- (kTt)n]            (3) 
              
where α(t) is the dimensionless extent of a transition in time t or, more commonly,  the kinetic 
degree of conversion (crystallization) α(t) (0 ≤ α(t) ≤ 1) , kT is the overall rate constant 
(containing both the growth rate and the nucleation rate), and n is a parameter (often called 
Avrami exponent) that depends on the mechanism of crystallization by the way shown given 
in Table 1 [19,21]. Generally  
 

n = nI + nu              (4) 
 
and nI and nu are the nucleation and growth Avrami parameters. Endowing with that claim that 
the temperature range is not too large, the temperature dependence of kT obeys an Arrhenius 
type of exponential equation [13,20] 
 

k(T) = A exp (-ΔE+/RT),          (5) 
 
where both the pre-exponential term A and the Arrhenius activation energy �E+ are 
temperature independent and R is the gas constant.  The empirical activation energy �E+ is a 
weighted sum of the basic nucleation and growth ones, e.g. 
 

ΔE+ = (nI ΔEI
+ + nu ΔEu

+) / (nI + nu).         (6)  
 
A detailed discussion directed to the crystallization of metals and alloys can be found in 
various books (Burke [20], Christian [21] and Sestak [7,13]). At temperatures at which atomic 
mobility is noticeable, local rearrangements of the various atomic species occur 
simultaneously as a result of thermal agitation following thus the classical theory of 
homogeneous nucleation. In the state of non-equilibrium glass or an undercooled liquid 
(below the melting temperature T < Tm), these embryonic regions become of considerable 
importance because they are a potential source of nuclei ready for a change to a more stable 
structure. The embryos for crystallization are assumed to be internally uniform and have the 
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same structure, composition and properties as the final product phase in bulk form, e.g., the 
crystals. The Gibbs free energy of formation of an crystalline embryo of radius r, is 
 

ΔG(r) = 4/3πr3ΔGcr-l + 4πr2γ + ΔGelast + ΔGdeform,       (7) 
 
Table 1 
(a) Polymorphic changes, eutectoid reactions, discontinuous precipitation, interface controlled growth 

Conditions n 
Increasing nucleation rate, three dimensional growth 
Constant nucleation rate, three dimensional growth 
Decreasing nucleation rate, three dimensional growth 
Zero nucleation rate (saturation of points), three dimensional growth 
Constant nucleation rate, two dimensional (plate-like) growth  
Zero nucleation rate (saturation of points), two dimensional (plate-like) growth  
Constant nucleation rate, one dimensional (needle-like) growth 
Zero nucleation rate (saturation of points), one dimensional (needle-like) growth 

>4 
4 
3-4 
3 
3 
2 
2 
1 

 
(b) Diffusion controlled growth 

Conditions n 
Increasing nucleation rate, three dimensional growth 
Constant nucleation rate, three dimensional growth 
Decreasing nucleation rate, three dimensional growth 
Constant nucleation rate, two dimensional (plate-like) growth  
Zero nucleation rate (saturation of points), three dimensional growth 
Constant nucleation rate, one dimensional (needle-like) growth 
Zero nucleation rate (saturation of points), two dimensional (plate-like) growth 
Zero nucleation rate (saturation of points), one dimensional (needle-like) growth 

>2.5 
2.5 
1.5-2.5 
2 
1.5 
1.5 
1 
0.5 

 
in which ΔGcr-l = < 0 for T < Tm is the difference between the Gibbs free energy of a crystal 
and a liquid (or a glass) per unit volume of a crystal being thus the driving force for 
crystallization, γ > 0 is the interfacial energy per unit area of the crystal-liquid interface ( 
assumed independent of the interface curvature r). ΔGelast and ΔGdeform are respectively the 
evolved elastic strain energy and lattice deformation energy often administered to be 
neglected in the instance of crystallization of metallic glasses. ΔG(r) passes through a 
maximum, which is denoted by W being the work (or energy) of formation of a stable embryo 
(traditionally named as nucleus) at a radius rc , which is the critical nucleus size. Growth of 
embryos smaller than rc leads to an increase in G(r) and thus there is a distinctive 
predisposition for such embryos to disappear rather than grow; only embryos larger than rc are 
stable (taking already the shape of crystalline grains) because their growth is accompanied by 
a decrease in Gibbs energy G(r).  Differentiation of eq. (7) with respect to r gives  
rc = -2γ /ΔGcr-l  so that 
 

W = (16πγ3)/(3ΔGcr-l
2).         (8) 

 
An embryo of radius rc has an equal chance of shrinking or growing and it becomes a nucleus 
when gaining one or more atoms. The nucleation rate or the number of nuclei that appear per 
unit volume of a liquid (or a glass) per unit time (under a steady state condition) is then 
 
Is = NV Ns pN ν exp [-(ΔGD’

+ +W)/(RT)] = I0 exp [-ΔGN
+/(RT)],     (9) 
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where NV is the number of sites per unit volume at which embryos can form, Ns is the number 
of atoms in the matrix at the surface of the critical embryo, ν is the frequency of vibration of 
these atoms, and pN is the probability that a vibration realizes in the direction of the embryo 
and ΔGD’

+ is the activation Gibbs free energy of the jump process across the embryo/liquid 
interface (Generally noting, no distinction is made in the text between activation Gibbs free 
enthalpy ΔG+, activation enthalpy ΔH+ and activation energy ΔE+ since this distinction was 
not done in many older papers in the field. Besides, a particular activation entropy ΔS+ could 
formally be integrated into the particular pre-exponential term).  

Heterogeneous nucleation taking place on impurity surfaces can be modeled in a 
similar way to homogeneous nucleation, where the work of formation of critical nuclei Whet 

can be generally reduced in a great extent according to the angle of contact θ as for example 
shown in ref.  [13,20] 
 

Whet = W (2 + cosθ)(1 - cosθ)2/4 .        (10) 
 
In the classical theory the transient nucleation effect can occur because all clusters of the 
nucleation phase, i.e., the nuclei are factually assembled ‘molecule-by-molecule’ and thus do 
not arise by single large fluctuations. Consequently during nucleation, there exists a 
distribution of cluster sizes. In a steady state the nucleation rate can subsist only if the steady 
state of size distribution can be established. Attending the steady state, transient effects can 
arise in nucleation and during the devitrification transient nucleation effects are particularly 
significant because of low atomic (or molecular) mobility. When a glass is formed at a given 
quenching rate, which is greatly exceeding the critical quench necessary for glass formation, 
the population of crystal clusters in the initial glass may be negligible. In such a case there 
exist single form analytical approximations for nucleation kinetics [20] 
 

I(t) = Is (t - θ)     or     = Is exp (-θ /t)     or     = Is exp [1 + 2 ∑p=1
∞ (-1)p exp( -p2t /θ )], (11) 

 
where Is is the steady state nucleation rate, t is the total experimental time, θ is the effective 
time lag (or better induction time) and p is an integer. However, a wide variety of transient 
nucleation behavior is observable in the presence of quenched–in clusters. Then nucleation 
cannot be characterized by a single time lag and a numerical approach is necessary to follow 
the each particular case. 

Growth of a stable nucleus takes place by the thermally activated transfer of atoms 
from the liquid (or glass) to the crystal lattice causing the interface to advance through the 
initial phase. The basic atomic process is analogous to diffusion. In the case of the 
polymorphic transformation type of crystallization the reaction interface involves just the 
movement of individual atoms across the short distances (characterize by ΔGD’’

+) . When 
dealing with an eutectoid formation and precipitation (primary crystallization), when a 
composition changes are accommodated, the crystallization is accomplished by the long 
distances transport of various kinds of atoms (characterized by ΔGD

+). In any case the rate of 
growth depends upon the relative rates of the interface reaction and diffusion and becomes 
only constant if the former is vastly slower than the latter. Then, taking into account the 
concept of activation states and the forward-and-backward interface reactions, the empirical 
(Turnbull) expression for the linear (or constant) rate of the growth of the crystalline phase u 
is (being in general use for the crystallization of amorphous metals) 

  
u = VatNspuνε exp[-ΔGD’’

+/(RT)]{1–exp[ΔGcr-l/(RT)]}≈- u0ΔGcr-l/(RT) exp[-ΔGu
+/(RT)], (12) 
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where Vat is the volume of one atom (or the moving element) and ε is the accommodation 
coefficient for the crystal, pv and  ΔGD’’

+ are the probability and the activation Gibbs free 
energy of the jump process across the crystal/liquid interface. {-ΔGcr-l/(RT)} term simplifies 
the exponential in curled brackets in eq. (12) for |ΔGcr-l| << RT.  

The Arrhenius-like expressions (9) and (12) defining I0, u0, ΔGN
+ and ΔGu

+ as the 
nucleation and crystal growth rate pre-exponential terms and the activation energies are 
merely apparent because of considerable temperature (and particularly undercooling) 
dependences of various embraced parameters. In general, it follows from eqs. (8), (9) and (12) 
that both I and u are zero at Tm (when ΔGcr-l = 0) and also at T = 0 K (when pN = pu = 0), 
attaining their maxima at some intermediates temperature. Further  

 
γ(T) = -(β / Κ′) ΔHcr-l(T) (Vmol / Na )1/3,       (13) 

 
where the constant β ~ 0.43 (depicted for metals), Κ′ is an interface quality factor, Vmol  is the 
molar volume of the substance and  Na is the Avogadro number. At the undercooling, ΔT = T 
– Tm < 0, and when assuming that both the enthalpy and entropy of crystallization are constant 
material parameters being equivalent to the melting ones, ΔHcr-l = -ΔHm and ΔScr-l = -ΔSm = -
ΔHm/Tm, then 
 

ΔGcr-l(T,ΔT) = ΔHcr-l - ΔScr-l T=  ΔHm ΔT / Tm.      (14) 
 
In general, the JMAYK kinetic law (3) with the time-dependent nucleation and growth rates 
I(t) and u(t) and under the assumption that the density of nuclei N(t) = N0 +∫0

t I(t′) [1-α(t′)]dt′, 
(i.e., accounting the impingement effects for nucleation, see e.g. [13,20]) is 
  

α(t) = 4π/(3V).{N0 [∫0
t u(t′) d t′]nu + ∫0t I(t′) [1-α(t′)].[ ∫t′

t u(λ) dλ]nudt′},   (15)    
 
or assuming that the growing nuclei do not overlap (e.g. [22]) 
 

ln [1- α(t)]-1 = 4π/(3V).{N0 [∫0
t u(t′) d t′]nu + ∫0

t I(t′)[ ∫t′
t u(λ) dλ]nudt′}.    (16)  

 
Although neither of these versions of the JMAYK expression accounts for a real 
impingement, the numerically fitted material kinetic parameters more-or-less confirm the 
validity of this JMAYK model for many cases of metallic glasses, too. For instance it is the 
simultaneous surface and volume crystallization of glassy ribbon of Pd82Si18 [4] or even the 
crystallization of glassy Fe80B20 [2] if the growth rate is allowed to vary with drawing 
direction. A very limited studies have been done on the quantitative modeling of primary 
crystallization kinetics in the case of partitioning two-component metallic systems, in which 
the varying composition of both the clusters and the remaining untransformed glass has to be 
accounted for [23,24] as well variable mobility, i.e., so called soft-impingement 

Alternatively to the JMAYK (nucleation-and-growth crystallization process),  the GG 
normal-grain-growth of extremely fine crystalline grains (coalescence process) were 
suggested for the condition of nano-crystal formation in certain metallic foils [25]. In the 
normal-grain-growth process, larger grains in the already crystalline material increase their 
size at the expense of smaller grains. The driving force for this process provides the decrease 
in the interfacial enthalpy, i.e, 

 
H(t) = H0 r0 / r(t),          (17) 
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where H0 and r0 respectively are the initial interfacial enthalpy and the initial average grain 
radius (of approximately several angstroms being thus experimentally “invisible”). The 
increase in the average grain radius r(t) is controlled by the following kinetic equation [27] 
 

dr(t) /dt = K(T) / [m r(t) (t)m-1] ,       (18) 
 
where the grain growth rate constant K(T) has the Arrhenius-like temperature dependence 
 

K(T) = AGG exp [-ΔE+
GG /(RT)]        (19) 

 
and where m is the grain growth exponent (depending on the mechanism of the coalescence 
by the way given in Table 2)., AGG and ΔE+

GG being the pre-exponential factor and activation 
energy, respectively. Because the evolution of the total interfacial enthalpy is related to the 
measured DTA/DSC signal y(t) = dH(t)/dt as 
 

H(t) = H0 + ∫0t y(t’) dt’ = H0 [1 – α(t)],       (20) 
 
the GG integral kinetic equation is [28] 
 

[1 - α(t)]m = τGG(T) /[t + τGG(T)],        (21) 
 
where the time constant τGG(T) is related to the rate constant K(T) as τGG(T) = r0

m(T) / K(T). 
 

Table 2. Values of m in GG kinetic law αT(t) = 1 – [(r0
m τGG )/(t + r0

m τGG)]1/m [27]. 
mechanism controlling grain growth m 

pure system  2 

impure system

coalescence of second phase by lattice diffusion 3 
coalescence of second phase by grain boundary diffusion 4 
solution of second phase 1 
diffusion through continuous second phase 3 
impurity drug (low solubility) 3 
impurity drag (high solubility) 2 

 

14. 2. Crystallization kinetics of metallic glasses  

In classical multi-component metallic glasses, the crystallization is characterized by a 
sequence of crystallization steps, R1, R2, R3,… and until recently it is an unresolved 
questions whether all of the steps (especially the first step R1) are always taking place in the 
whole body of the sample (i.e. questioning the homogeneity in the one-component glassy 
precursor or the matrix) or only in its separated parts (i.e., the problem of dimensionality of 
the heterogeneities  [28-30] in the two-cluster model [28-32]). Commonly, the higher values 
of activation energies for crystallization indicate the viscous-flow-dependent mechanism; they 
eventually decrease with increasing temperature or with increasing degree of conversion [33]. 
This might suggest occurrence of some changes in the mobile structural units (as for the 
crystallization of the amorphous matrix [33]) or some modification in either rates controlling 
the elementary process (as for the FINEMET-type ribbons in the case of JMAYK kinetics 
[28]) or being in charge of the proportion between the individual processes in the complex 
transformation [33]. In general, the nucleation-and-growth crystallization (JMAYK kinetics) 
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with several characteristic peculiarities has been active in the case of conventional metallic 
glasses [30-33] for long. However, the application of JMAYK kinetics completely fails in a 
specific group of rapidly quenched ribbons, which implicate nano-crystallization, as in the 
case of nicknamed group of materials like FINEMETs, NANOPERMs, HITPERMs or even 
some other Al-based alloys [28-32]. In a broader-spectrum, the mathematical formalism of the 
normal-grain-growth crystallization (GG kinetics [27]) can interpret exclusively the 
experimental data in the case of stable nano-crystal formation in rapidly quenched ribbons 
[30,32]. In the case of the primary crystallization of some metallic ribbons some diffusion 
reactions might take place, too, if the change of the chemical composition in the non-
crystalline matrix was indicated (the so called ‘softening effects’) [28-32]. 
 
14.2.1. Peculiarities in the JMAYK-like crystallization kinetics of conventional metallic 
glasses 

Glassy Fe-Si-B ribbons are of great technological importance because of their 
functional magnetic properties. In addition, they represent a basic glass-forming material for 
multi-componet alloys formed upon crystallization of a extremely fine crystalline phase, best 
known as FINEMETs. (The mutual ratio of the elements in the glassy matrix of the 
FINEMET corresponds approximately to Fe75Si15B10 [31].) 

A series of both the hypoeutectic and the hypereutectic Fe-Si-B compositions as a 
source for quenched non-crystalline ribbons (namely Fe80SixB20-x with x = 2, 4, 6, 8 and 10 
and Fe75Si15B10) , were prepared by planar flow casting method technologically providing 
their 10 mm width and approximately 25 μm thickness. Their kinetics of crystallization was 
examined using DSC and high precision electrical resistivity measurements [31,33]. The 
initial amorphous state and the corresponding phases after the crystallization were observed 
using transmission electron microscopy (TEM) and x-ray diffraction (XRD) analysis. 

 
Fig. 1. Effect of pre-annealing on the continuous heating DSC curve of the crystallization of 
Fe75Si15B10 ribbon (the pre-annealing temperature Ta = 793 K; the pre-annealing time ta is the 
parameter; heating rate w+ = 40 K min-1) [33].  
 
Fig. 2. Isothermal DSC crystallization curves at various temperatures Ta of the as-quenched glassy 
Fe75Si15B10 ribbon. For Ta =803 K (– – – –) and 793 K (——) the upper time scale holds. For Ta = 
783 K (-.-.-.-) and 773 K (…….) the lower time scale holds. The symbols (x) mark the partial 
crystallization effects produced by the pre-annealing heat treatments for the measurements shown in 
Fig. 1 [33].  
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The whole of Fe-Si-B-based glasses with composition in the mentioned region of 
interest crystallize usually in a two-step crystallization reaction due to their thermal activation 
taking place in the course of continuous heating or isothermal annealing. The two extensive 
exothermal reactions are related within the two different phase transformations. Their 
eventual overlap, the relation between both the enthalpies and also the kinetics of R1 and R2 
transformations depends on the actual chemical composition and thermal history of the 
samples (w+, Ta, pre-annealing). As a typical example (shown in Fig. 1.),  one large and sharp 
thermal effect appears closely followed by the smaller secondary one (at the heating of  w+ = 
40 K min-1 ), which is well visible for Fe75Si15B10 ribbon. Both DSC exotherms have slightly 
slower leading edges than the trailing ones. Any pre-annealing shifts both peaks to lower 
temperatures significantly decreasing their enthalpies. Also in the isothermal mode, the DSC 
curves show two exothermal effects as is seen in Fig. 2. Both isothermal transformations are 
temperature dependent significantly shortening their time by increasing the temperature.  
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Figs. 3 (a) and (b). The Suriñach plots for R1 and R2, respectively, both for the isothermal and 
continuous-heating crystallization peaks of the as-quenched glassy Fe75Si15B10 ribbon and the 
theoretical curves obtained for the JMA kinetic equation with the exponents n1 = 2.5 in the case of R1 
and n2 = 3 in the case of R2, respectively. Full lines are the theoretical curves. Symbols are the 
experimental data for the isotherm at Ta = 773 K (▲), 783 K (▼), 793 K (x), 808 K (●); and the 
continuous heating at 40 K min-1 (+) (the connecting dashed line is a guide to the eye for + symbols) 
[33]. 

The kinetics of the R1- and R2- DSC effects was studied by the complex kinetic 
analysis [33]. Accordingly, in order to test the relevancy of JMAYK nucleation–growth 
kinetics to study R1 and R2 crystallization steps of the as-quenched Fe75Si15B10 ribbon, the 
Suriñach curve fitting procedure [5] was employed. All measured curves (from Figs. 1 and 2) 
were used resolving that all measured data for both crystallization steps could be 
unambiguously characterized by the JMAYK kinetics (Figs. 3 (a) and (b)). In the case of R1, 
Suriñach graphs follow one master curve; however, the value of its JMAYK exponent n1 is 
not constant. In the early stages, n1 alternates steeply revealing the transient nucleation effect 
reaching the value of n1 = 2.5 (see the central part of the transformation). Later n1 
continuously decreases reflecting thus the probable saturation of nucleation and in the 
dynamic measurements also the influence of the secondary crystallization step. In the case of 
R2, the transformation can be well characterized by single JMAYK exponent (n2 =3).  
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The heating rate dependence of the maximum for R1 crystallization peak [34] is 
specified by the activation energy ΔE+

K1 = 473 ±13 kJ mol-1 (as-quenched Fe75Si15B10 
ribbons). However, the temperature dependent Kissinger slope [34] revealed some 
peculiarities in R2 mechanism with an average activation energy ΔE+

K2 = 395 ±14 kJ mol-1.  
The value of ΔE+

S1 = 484 ±3 kJ mol-1is independent of Ta, and ΔE+
S2 is decreasing from 384 

to 293 kJ mol-1 with increasing Ta (found from the vertical shift between the Suriñach plots of 
DSC isothermal R1 and R2 peaks [6]). The isothermal Arrhenius method (consequential of 
eq. 5) is providing ΔE+

A1,α=0 = 651 ±67 kJ mol-1, ΔE+
A1,α=0.45 = 480 ±5 kJ mol-1and ΔE+

A1,α=1 = 
417 ±3 kJ mol-1. Both isothermal and continuous heating iso-conversional methods [35] 
(ΔE+

Ii1(α) in Fig.5 in [33] and ΔE+
Ich1(α)) revealed systematic acceleration for R1 

transformation with advanced time.  ΔE+
2(α) kept a constant value during the whole R2 

transformation,  
 

Figs. 4 (a) and (b) show the dependence of the activation energy on the evaluation method 
(DSC kinetic analysis applied to the crystallization of respective steps R1 and R2), in the as-quenched 
Fe75Si15B10 glassy ribbon. (1) The Kissinger activation energy ΔE+

K, (2) the Arrhenius method 
activation energy calculated for the isothermal peak maximum ΔE+

A,α=0.45, (3) and (4) the iso-
conversional continuous heating and isothermal activation energies ΔE+

Ich and ΔE+
Ii, respectively, (5) 

the isothermal Suriñach method activation energy ΔE+
S. Horizontal bars - the width of the 

temperature interval taken into account; vertical bars – the error of the presented mean value [33]. 
 

As is typical for the case of the crystallization of Fe-Si-B ribbons [31] the above-
mentioned results demonstrated that the determined activation energies are dependent on the 
measuring regime and the method of kinetic analysis applied. These quantities are 
summarized in Figs. 4 (a) and (b). It can be seen, that they agree within the experimental error 
for both R1 and R2 stages. Nevertheless, on the bases of these absolute values and their error 
bars (as well as in accordance with the results of the TEM and XRD analyses) the following 
interpretation has been formulated [33].  

Concerning the Fe75Si15B10 ribbon, the crystallization of two types of micro-crystals, 
namely the homogeneous nucleation and growth of <b.c.c> Fe(Si) (or alternativelyFe3Si) and 
also composite crystals consisting <b.c.c> Fe(Si) nucleating heterogeneously and growing on 
the surface of the previously formed orthorhombic Fe3B microcrystalline cores, is proceeding 
in the R1 crystallization step. The relative proportions of these two types of micro-crystals are 
dependent on the temperature. The apparent activation energy of this primary crystallization 
ΔE1

+ = f(α1) and the Avrami exponent  n1 = f’(α1) are independent of temperature and they 
decrease with increasing α1 during R1 and with the pre-annealing (namely n1 decreases from 
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2.5 to 1.5) promoting thus the formation of the orthorhombic Fe3B grain-cores. The decay of 
the nucleation and the three-dimensional diffusion controlled growth of the composite are the 
prevailing mechanisms in the advanced stages of the R1 transformation (for α1 > 0.6). During 
the R1 crystallization step the chemical composition of the matrix continuously changes to 
reach the eutectic one. Finally, following the R2-DSC peak, the primary metastable Fe3B 
cores of the composites transform in to the stable Fe2B micro-crystals. Simultaneously, the 
remaining amorphous matrix (certainly, if any) crystallizes by the eutectic reaction forming 
the Fe3Si and Fe2B eutectic structure. The apparent activation energy ΔE2

+ = f’’(T1) decreases 
with increasing temperature of the primary R1 reaction and the content of boron in the 
crystallizing pseudobinary eutectics decreases. The parameters ΔE2

+ and n2 = 3 are constant 
during 

4 or 3) reflecting alternatively a probable exhaustion of nucleation sites 
(Tab.1 

 of 
toms increasing thus the preference for the nucleation and growth of α-Fe(Si) phase [31]. 

14.2.2.

quenched ribbon) to the nano-crystalline state. JMAYK kinetics has traditionally been 

the R2 transformation.  
Concerning all Fe-Si-B/based ribbons [31], physical properties such as the Curie 

poins, R1 and R2 crystallization temperatures, partial and total crystallization heats or 
activation energies, show monotonous tendency along with the increasing silicon content up 
to 8 at. % Si, culminating for the sample with 10 at. % of Si.  However, for the 15 at. % Si the 
values become significantly different.  JMAYK kinetic exponents are almost constant (n1 = 
2.5 or 1.5 and n2 = 

in Ref. 31).  
Generally speaking [31], crystallization kinetics, chemical composition and the 

morphology of arising phases strongly depend on the mutual ration of components in the 
amorphous alloy. The investigated region of interest is divided in to the eutectic through the 
hypoeutectic up to the hypereutectic parts (when respecting to boron content cB). The R1 
crystallization step for hypoutectic compositions corresponds to the formation of α-Fe(Si) 
crystals; the remaining amorphous matrix transforms during the R2 step to α-Fe(Si) and stable 
tetragonal Fe2B. For hypereutectic compositions the R1 step of crystallization is characterized 
by formation of crystals of metastable Fe3B. Due to changes in local ordering of atoms the α-
Fe phase nucleates and grows on their surface forming the so-called ‘composite crystals’ [31]. 
The R2 step of crystallization for these compositions besides the transformation of eventually 
remaining amorphous matrix corresponds to the transformation of metastable borides into 
stable Fe2B and α-Fe. The local fluctuations of silicon concentration seem to be very 
important for the understanding of this process, particularly taking place during the phase 
transformations of the Fe-Si-B system. The application of the so-called ‘local ordering’ 
(double-cluster model) based on the role of silicon seems to be justifiable for the explanation 
of crystallization reactions observed. The determining factor is the co-called critical silicon 
concentration ccrit

Si = ¼ (1 - 5 cB); above this value silicon causes changes in local ordering
a
 

 Kinetics of nanocrystal formation in FINEMETs 
Nano-crystalline alloys with the composition close to Fe73.5Cu1Nb3Si13.5B9 

(FINEMET®) have attracted technological and scientific interest extensively owing to their 
attractive properties as the soft magnetic materials. It is known that Cu and Nb affect not only 
the chemical short-range order in the resulting nano-crystalline structure but also the 
transformation kinetics of this structure. In numerous studies (by XRD, TEM, Mössbauer 
spectroscopy, as well as microprobe analysis) of the FINEMET the phase analyses revealed 
(see references in [28,30,32]) the presence of the crystalline iron-based silicon phase as well 
as the remainder of the amorphous phase with a reduced content of silicon. The nano-
crystalline α-Fe(Si) phase with a mean grain size of 10-20 nm has the DO3 structure of Fe3Si 
with a silicon content of 16-22 at.% [28]. On the contrary there still have been contradicting 
conceptions about the transformation kinetics of the FINEMET-like precursors (as a rapidly 
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assumed; however, an unusually low exponent n ≈ 0.5 and numerous other irregularities were 
observed [28,31]. 

Following the continuous heating measurements by DSC, the main transformation (R1 
= Rnano) in the as-quenched Fe73.5Cu1Nb3Si13.5B9 ribbon (the thick line in Fig. 5) starts at 
Tx,nano = 816 K. The exothermal peak is wide, asymmetrical, with a long high temperature tail.  
Before the beginning of the next pronounced exothermal anomaly (R2 at Tx2 = 957 K) another 
less energetic exothermal transformation R1’ is superimposed, which is associated with 
changes of some magnetic properties of the material. This effect can be separated from R1 by 
the isothermal heat treatment [28]. Any heat treatment of the sample at temperature Ta close 
to Tx,nano, or even at much lower temperatures in the range of pronounced structural relaxation 
effects, shifts the main transformation exotherm to higher temperatures diminishing its total 
enthalpy as is exhibited in Fig. 5. These observations are utterly conflicting the classical 
JMAYK crystallization kinetics (represented by Fe-Si-B glasses in Fig. 1) where the heat-
treatment at Ta ≈ Tx1 shifted the R1 peak to lower temperatures diminishing thus the 
associated Avrami exponent. At Ta < Tx1-50 K it was not influencing the peak position neither 
enthalpy nor the kinetic mechanism of the crystallization.  
 

Fig. 5. (Right)  Effect of pre-annealing on the continuous heating DSC signal of Fe73.5Cu1Nb3Si13.5B9 ribbon 
during the main transformation to the nano-crystalline state (the pre-annealing temperature is Ta and the pre-
annealing time is ta being the parameters and the heating rate w+ = 40 K min-1 [28]. 
Fig. 6. (left) Isothermal DSC traces (first runs) at various temperatures Ta of as-quenched 
Fe73.5Cu1Nb3Si13.5B9 ribbon representing the transformation to the nano-crystalline state (Ta being the 
parameter). The dotted line is the baseline obtained as a 2nd run under identical conditions after 
finishing the main transformation; it was shifted down to be seen in the picture [28]. 
 

In the case of the isothermal regime of the main transformation in the 
Fe73.5Cu1Nb3Si13.5B9 ribbon, the unusual measurements are reported in ref. [28-30] and 
usually accredit to the work by Illeková.. After a steep negative increasing, the isothermal 
DSC signal is monotonically approaching zero (see Fig. 6). Such decaying signals (or 
apparent exothermal peaks) were measured at Ta from 783 to 823 K the interval of which 
exceeds substantially the usual 25 K interval, where the R1 crystallization peak of metallic 
glasses is conveniently observed by the isothermal DSC technique (compare Fig. 2). Almost 
no change in the position of this main exothermal effect along with the temperature has ever 
been monitored. Only the changes of amplitude and slightly of the total enthalpy were 
detected.  

In order to report both the continuous heating and the isothermal experimentation with 
respect to the interpretation of kinetics of the main transformation R1 in various Fe-Cu-Nb-
Si-B ribbons the DSC was carried out and related to such a kinetic treatment revealing the 
peculiarities of nano-crystalline construction. Therefore various samples were measured with 
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changeable content of Cu (between 0 and 1 at. %), of Nb( between 0 and 4.5 at.%) and of the 
Si/B ration (between 0 and 1.5) [32]. In the R1 transformation, the nano-crystalline α-Fe was 
formed (the case of the FMCu0Si0 and FMSi0 samples - concerning the names follow Table 3) 
with the mean grain size d < 10 nm. In the other samples, which contained more than 1 at. % 
of Si, the component α-Fe(Si) appeared with increasing tendency to DO3 ordering with 
increasing Si content and fine-grained structure (with d ~ 10 nm). Therefore, all above 
mentioned samples are collectively named FINEMETs in all further citations. In the sample 
FMNb0, larger micro-crystals (d > 100 nm) grow similarly the case of conventional metallic 
glasses, discussed in the previous paragraph. 

 

Fig. 7. (Left) Continuous heating DSC signal from the main transformation process of various as-
quenched Fe-Cu-Nb-Si-B ribbons. 1-FMCu0Si0, 2-FMSi0, 3-FMSi4.5 (dashed line 3’’ refers to the 
isothermally pre-annealed at 713 K for 200 min sample), 4-FMSi7, 5-FMSi79.2, 6-FMCu0Si12.7, 7-
FMSi13.5, 8-FMNb0. The chemical compositions of the samples are in Tab. 3. The crystallization stages 
R1, R’

1 and R2 are related to the DSC exothermal peaks for some samples. The heating rate is 40 K 
min-1. The vertical scale for the sample FMNb0 (curve 0) is shrunk by the factor of 4. [32]. 
Fig. 8. (Right) Isothermal DSC traces from the main transformation process of various as-quenched 
Fe-Cu-Nb-Si-B alloys. 61-FMCu0Si12.7 (813 K), 81-FMNb0 (698 K), 11-FMCu0Si0 (763 K), 31-FMSi4.5 
(713 K), 32-FMSi4.5 (723 K), 71-FMSi13.5 (778 K), 72-FMSi13.5 (823 K). The chemical compositions of 
the samples are in Tab. 3. [32]. 

 
 Fig. 7 and Fig. 8 show the continuous heating and isothermal DSC dependencies of all 
investigated samples. The shape of these curves does not depend on w+ (excepting its 
horizontal shift) and it is slightly modified with Ta. In the case of FM Cu0Si12.7, the R1 peak 
occurs above 860 K. In all samples, excepting the FMNb0, the DSC continuous heating R1 
peak is wide, asymmetrical, with longer high temperature part (Fig. 7); any pre-annealing at a 
temperature below the main transformation shifts the R1 peak to higher temperatures (the 
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same as in Fig. 5). The quantitative characteristics of R1 peaks are summarized in Table 3. 
The onset and minimum temperatures Tx1 and Tp1 vary with the actual chemical composition. 
They are significantly higher in the samples without Cu. All main transformation enthalpies 
ΔH1 are less than one-half of the enthalpy of the first crystallization peak of the Fe75Si15B10 
metallic glass (104 Jg-1 in [33]). These quantities are also proportional to the content of the 
crystalline product. The Kissinger activation energies ΔE+

K1 are less significant because of 
their dependence on the heat treatment and the used measuring technique [28]. In addition, 
another minor transformation stage R1’ occurs before the termination of R1 peak (as is shown 
in Fig. 7 for FMSi4.5 or in [28] for FMSi13.5). At higher temperatures, the second complex  
exothermal peak R2 always stays on due to the additional growth of grains and crystallization 
of the remaining amorphous matrix. The isothermal main transformation curves have a 
bimodal character (Fig. 8), i.e. the DSC signal is continuously decaying simultaneously 
manifesting a superimposed exothermal peak in special cases. The mutual relation between 
both effects is strongly dependent on temperature due to a typical Ta dependence of the peak 
mode suggesting the JMAYK kinetics, whereas the decay mode (suggesting the normal-grain-
growth  (GG) or coalescence kinetics as will be shown in Fig. 10 and Fig. 11) is relatively 
insensitive to Ta (see curves 31 and 32 for the sample FMSi4.5). At lower temperatures, Ta ~ 
Tx1 – 50 K mainly the peak mode was detected (curve 61) whereas at higher temperatures, Ta 
> Tx1 –10 K, only the decay mode could be detected (curve 72). Besides, the enthalpic 
proportion between the GG-like and JMAYK-like modes is strongly related to the chemical 
composition of samples. 

The above-mentioned character of R1 transformation cannot be interpreted by any of 
the conventional JMAYK crystallization kinetics [6-8, 19-21]. As an example, the isothermal 
DSC curves from Fig. 8 (excepting curve 81 which represents FMNb0 sample) cannot be 
linearized using the Avrami linearization method (see Fig. 9) even by subtracting any 
incubation time τJMA. The slope of the Avrami plot shows a systematic artificial decrease from 
4 to 3 in the case of a TA curve with a large JMAYK-mode participation, finally dropping to 
1.5 in the case that the peak-mode provides less significant contribution. Otherwise, the slope 
of the Avrami plot rapidly decreases after a short time giving an extremely low apparent 
exponent n1 < 1. The last mentioned case is the most frequent and characteristic mode in the 
instance of FINEMETs. However, the spherulitic shape of the nano-crystals and the fact that 
the new grains do still appear also in the advanced stage of the main transformation can 
hardly be interpreted by any simple step JMAYK nucleation-and-growth kinetics with 
exponent n = nI + 3nu ≤ 1.  

Besides, the nanocrystal formation reveals the bimodal character in the isothermal 
regime. In Fig. 10, our hypothesis of the participation of several independent processes in the 
R1 step in FINEMETs (two modes of the main transformation R1 and the participation of the 
R1’ step) is evidenced and the influence of this fact on the deduced kinetic laws for the 
decomposed individual processes is demonstrated. The Suriñach curve fitting procedure was 
used. Thus for the example FMSi4.5, the Suriñach plot [5,6] follows the GG-like kinetics [27] 
with m1 = 1 for α1 < 0.2, then the kinetics continuously changes (when the peak starts to 
appear in the DSC signal) fitting well the JMAYK-like one with n1 = 3 and finally with n1 = 2 
for α1 >0.5 for the curve 32 from Fig. 8 in Fig. 10. On the other hand, The Suriñach plot 
representing just the extracted peak from the same curve 32 (after the appropriate baseline 
subtraction [32]) fits only one mode having the JMAYK kinetics with n1 = 2 for all α1 (see 
curve 3’

2 in Fig. 10. Concerning the other DSC curves containing the peak mode, the JMA 
exponents vary between 3 and 1.5 depending on the composition of individual samples (they 
are summarized in Table 3).  
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Table 3: Thermodynamic and kinetic characterization of the main transformation of the as-cast 
FeCuNbSiB ribbons, where Ta and ta the annealing temperature and time of the isothermal 
measurements are respectively, Tx1, Tp1 and ΔH1 are the onset and minimum temperatures and the 
enthalpy of the continuous-heating DSC peak R1 (heating rate w = 40 K min-1), respectively. ΔE+

K1 is 
the activation energy deduced by the Kissinger method [34] . n1 and m1 (both ± 0.5) are the JMAYK 
and GG exponents [30] deduced by the Suriñach isothermal and continuous-heating methods [5,6], 
respectively. The symbols * and # indicate the quantities which were not or could not be given, 
respectively [32]. 
 

 

 

Sample 
/Chart 

Chemical composition Ta, ta 
[K,min] 

Tx1 
[K] 

Tp1 
[K] 

ΔH1 
[Jg-1] 

ΔE+
K1 

[kJmol-1] 
n1 m1 

FMCu0Si0 
(1) 
(11) 

Fe80.5Nb7B12.5  
 
763, 60 

 
788.7

 
802.7

 
-20 

 
532±16 

 
no 
1.5 

 
1 
 

FMSi0 
(2) 

Fe77.5Cu1Nb4,5B17  
* 

 
766.9

 
794.8

 
-34 

 
* 

 
no 

 
1 

FMSi4.5 
(3) 
(31) 
(32) 
(33) 

Fe78Cu1Nb3Si4.5B13.5            
713, 200 
450,6 
723, 60 
540,   
813, 60 

 
751.7

 
765.8

 
>-61 

 
298±6 

 
no 
2 
2 

 
1 
 
1 
1 

FMSi7 
(4) 

Fe73.5Cu1Nb3.2Si7B15.3     
* 

 
809.1

 
837.7

 
>-27 

 
600±25 

 
* 

 
1 

FMSi9.2 
(5) 

Fe74.6Cu1Nb3.2Si9.2B12  
* 

 
789.8

 
811.7

 
>-25 

 
357±33 

 
* 

 
1 

FMCu0Si12.7 
(6) 
(61) 

Fe74.7Nb3.1Si12.7B9.5  
 
813, 180 

 
863.6

 
>873 

 
# 

 
# 

 
# 
4 

 
# 

FMSi13.5 
(7) 
(71) 
(72) 

Fe73.5Cu1Nb3Si13.5B9  
 
778, 60 
823, 60 

 
815.1

 
831.4

 
-45 

 
418±8 

 
no 
3 
no 

 
1.5 
1.5 
no 

FMNb0 
(8) 
(81) 

Fe75.6Cu1Si14B9.4           
 
698, 120 

 
744.3

 
751.8

 
-66 

 
314±5 

 
* 
3-
1.5 

 
no 

However, in the case of sufficiently high annealing temperature (Ta > Tx1 – 10 K) the 
GG-mode is only observed (curve 72 in Fig. 8) and the Suriñach plot finally showing the 
concave curvature (see curve 72 in Fig. 10) and indicating the long-range diffusion (cf. review 
in ref. [5]). In the case of DSC continuous heating data, the R1 peaks independently of the 
used heating rate follow one characteristic master curve for all as-quenched samples except 
the sample FMNb0 as it can be seen in Fig. 11 namely, the main transformation begins with 
the JMAYK-like kinetics having the JMAYK exponent 1 < n1 < 1.5. Next, the JMAYK-based 
kinetics collapses immediately and the master curve is parallel to the GG-like theoretical 
straight line with the GG exponent m1 ≥ 1 for α1 ≥ 0.2. Concerning the FMNb0 sample, its 
Suriñach plot implies a significantly higher proportion of the JMAYK kinetic mode with n1 
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decreasing from 2.5 to 1.5 for α1 <0.3. Then, the curve is gradually degraded due to the 
presence of R2 crystallization step. The GG-like mode was not detected in that case. 

Relying on all the observed facts, the following GG-kinetic bimodal model is rather 
concisely formulated [30,32]. The nano-structure formation of any type of FINEMET samples 
is composed of the processes of two types, namely the conventional JMAYK nucleation-and-
growth mode [9-12]  and the mode, which has been very well described by the GG 
coalescence kinetic law [27,29]. Let is underline that these two modes are mutually 
independent. As a rule the JMAYK kinetics  is manifested in the early stages of the R1 
transformation representing both the nucleation and the three-dimensional crystal growth of 
the α-Fe-based phase, which is dispersed in the amorphous matrix. The JMAYK exponent n1 
initially being 4 for the samples rich in Si continuously decreases to 1.5 along with increasing 
time of the thermal treatment. The GG-like mode dominates at higher temperatures and in the 
advanced stages of the R1 transformation independent of the content of Cu and Si and being 
controlled by the specific rearrangement of niobium. If the GG-like kinetics takes place in the 
initial amorphous state of sample consequently a nano-crystalline structure must be formed. 
Remarkably the Fe75.6Cu1Si14B9.4 sample (FMNb0) does not exhibit the GG-like kinetics and it 
does not form any nano-crystalline (FINEMET-like) structure. After the start of the R1 
transformation, the long-range diffusion of Si-controlled reordering occurs during longer 
times in the FINEMETs containing Si (R1’ transformation). 
 

14. 3. Two types of the crystallization kinetics in rapidly quenched ribbons 
 

Our results support an increased significance of DSC investigations applied to the 
crystallization in glasses. Owing these results, two distinct types of rapidly quenched metallic 
ribbons have been identified, namely “the conventional metallic glasses” and “the so-called 
precursors for the stable three-dimensional nanostructure alloys” (being the product of their 
first devitrification step R1). These ribbons are classified within two different characteristic 
facets and kinetics of the crystalline product during the R1 crystallization. 

Independently of their chemical composition (as Pd-Si-based, some Fe-B-based 
[31,33], some Al-based, Zr-based multicomponent ribbons, etc.) the conventional metallic 
glasses principally follow the JMAYK nucleation-and-growth kinetic law. Thus the 
theoretically calculated shape of the continuous heating DSC peak is asymmetrical [30] with 
independency of the parameter n being always at a slower rise on the low-temperature side. 
Any pre-annealing of such samples increases the initial fraction transformed, which shifts the 
JMAYK peak to lower temperatures and make it broader. If n > 1, the JMAYK isothermal 
signal shows a reportable peak for nonzero degree of conversion, αmin = 1 – exp [(1 – n)/n], 
i.e., at a nonzero time (tmin = τ [(n-1)/n]1/n), which (due to τ = 1/k and the Arrheinus k(T)) is 
dependent on temperature. However, because the extremely non-equilibrium thermodynamic 
state of metallic glasses (due to rapid quenching) and also owing to their characteristic 
heterogeneity (characterized by the cluster-type medium-range order and distinct macroscopic 
anisotropy) reflecting the surface/volume morphology of ribbons, numerous peculiarities 
within the JMAYK kinetics occur (especially in the case of magnetic alloys). For example, if 
the ΔE1

+ = f(α1) and n1 = f’(α1), which results the transient heterogeneous nucleation of R1 
phase and/or if ΔE2

+ = f’’(T1), which reflects the subordinated composition of amorphous 
matrix towards the actual kinetics (of the specific R1 phase in the case of Fe-Si-B ribbons) the 
JMAYK kinetics come about the application.    

 Concerning the second type of rapidly quenched alloys, independently of the initial 
chemical composition (such as FINEMETs [28,32], NANOPERMs [30], HITPERMs or some 
aluminium based ribbons [30]) the  ribbons after the R1 transformation are characterized by 
extremely high nanocrystal density at relatively low total crystalline content, high enough 
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thermal stability, extraordinary magnetic, corrosion or mechanical properties. The continuous-
heating as well as the isothermal nanocrystal formation, as the main transformation step R1, is 
characterized by a distinctive kinetics [28-30,32]. Specifically, the isothermal DSC signal 
posses a monotonically decreasing feature while the continuous-heating DSC signal retains 
asymmetry that is reversed to the JMAYK kinetics one. The clearest effect, however, is that 
the pre-annealing (i.e., increment of the initial grain radius) shifts the onset of the DSC peak 
to higher temperatures and leads to narrower transformation range. Thus the behavior of such 
a nano-crystallization is similar to the normal-grain-growth one. Even though the original idea 
of Atkinson [27] of the GG-like mechanism (where the larger grains in the already fine-
crystalline sample increase their size at the expense of smaller ones - coalescence) does not 
correlate well enough with structural observations in our heterogeneous two-phase systems, 
the GG-like kinetic law may well rationalize all peculiarity of most DSC results without need 
of any correction [30]. The desired kinetic parameter m and other characteristics of the 
nanocrystal formation (stage R1) in metallic ribbons under our studies are summarized in 
Table 4. It can be seen that m < 2 may well reflect the presence of a second phase (amorphous 
matrix) interpretable also in relation to the final grain radius (of the R1 phase). 
 
Table 4: Structural characterization (nano-crystalline phase and final grain diameter) and kinetic 
parameters (Kissinger activation energy and the normal-grain-growth exponent) of the nanocrystal 
formation stage in metallic ribbons [30] 
 

Sample Product d 
[nm] 

ΔE+

[kJ mol-1] 
m 

Fe76Mo8Cu1B15 α-Fe <10 511±24 1.7 
Fe73.5Cu1Nb3Si13.5B9 α-Fe(Si) 12 418±8** 1.5 
Fe87-xCu1Nb3SixB9 α-Fe(Si) 10-12 ~300-600** 1 
Fe63.5Ni10Cu1Nb3Si13.5B9 α-FeNi(Si) 15-18 429±5** 0.5 
Al90Fe7Nb3 α-Al >10 162±24 0.15 

** ΔE+ is heat-treatment dependent because of the bimodal character of R1 stage 
 

In the case of the Al90Fe7Nb3 ribbon [30], both the α-Al nanocrystal formation (R1) 
and the eutectic-like crystallization of the amorphous matrix into intermetallic one (in a 
polycrystalline α-Al matrix - R3 step) can take place within the temperature range of standard 
DSC measurements. Therefore, we can mutually relate the GG-like (in R1 step) and JMAYK-
like (in R3 step in this case) kinetics. Namely, in the continuous heating regime, the R1 peak 
is wider and shifted to higher temperatures while the R3 peak is narrower and shifted to lower 
temperatures (when treated by appropriate isothermal pre-annealing, cf. Fig. 12. In the 
isothermal regime, the DSC signal of R1 transformation step is decaying and independent of 
temperature.  However, in the case of the R3 transformation step, the DSC signal forms the 
peak, which rime-scale significantly prolongs with decreasing Ta, (cf. Fig. 13). The revealing 
Suriñach plots are straight lines for R1 step (since α = 0.1) but become convex curves with 
a maximum at α = 0.54 for R3 step (cf. Fig. 14). 
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Fig. 12. DSC traces from as-quenched and heat-treated Al90Fe7Nb3 ribbons. The inset shows an 
expanded view of the peaks from low-temperature pre-annealed samples. Numbers in parentheses 
indicate annealing temperature in K and annealing time in min [30]. 
 
Fig. 13. Isothermal DSC traces at various temperatures of as-quenched Al90Fe7Nb3 ribbons. 
Numbers in parentheses indicate annealing temperature in K and annealing time in min [30]. 
 
Fig. 14. Suriñach plots for the continuous heating DSC transformation peaks R1 and R3 from Fig. 12 
and for isothermal peaks R3i from Fig.13 for as-quenched Al90Fe7Nb3 ribbons. ○, x and + correspond 
to experimental data, respectively, (not all points are shown), —— to the theoretical GG kinetics for m 
= 0.13, ― · ― and ― ··· ― to the theoretical JMAYK kinetics for n = 1 and 4, respectively [30]. 
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15.  TRANSPORT AND RELAXATION MECHANISMS IN IONIC  
PHOSPHATE GLASSES 

 
Peter Bury, Peter Hockicko 

15. 1.  Introduction 
 
 Solid state ionic is the field of materials science that deals with the study of technology, 
theory and application of materials with ionic transport. Solids exhibiting high levels of ionic 
conductivity are also designated as fast ion conductors or super ion conductors and represent also 
solid states electrolytes. Solid electrolytes come to the forefront of scientific interest because of 
application in electrochemical devices, such as solid-state batteries, electrochronic displays and 
sensors. They can be also a part of capacitors, time swiches, electrochemical pumps etc. [1,2]. 
 Solid electrolytes present numerous potential advantages over liquid electrolytes, 
including absence of liquid containment and leakage problems, ability to operate with more 
highly reactive electrodes over a wider temperature range, and the possibility for miniaturization 
using thin-film-processing techniques. The general requirements for practical solid electrolytes 
are high ionic conductivity, negligible electronic conductivity, stability with respect to adjacent 
phases and to thermal and electrochemical decomposition, suitable mechanical properties, ease 
of fabrication, and reasonable cost. 
 Fast ionic conductivity can be observed in many glasses, especially those with small 
cations, such as silver, copper, lithium, and sodium. Ternary glasses contain a network former 
(e.g., SiO2, B2O3, P2O5, and GeS2), a network modifier (e.g., Ag2O, Li2O, Cu2O, and Ag2S), and 
a dopant compound, mostly a halide (e.g., AgI, CuI, and LiCl). As the term implies, the glass 
network structure and, therefore, its physical and chemical properties can be substantially 
modified by addition of the modifier. Dopant salts apparently do not interact strongly with the 
network, and cation and anion „dissolve“ into the interstices of the glass structure. Increased ion 
conductivity can result from two sources: increased carrier density and/or carrier mobility. 
Composition of glasses can have also remarkable effects ion conductivity. The mixed alkali 
effect is often observed in binary glass system where one type of alkali ion is substituted by 
another and/or the local relaxations of the structure about the mobile ions can create separate 
path ways appropriate for the ions with different size [3]. Most studies on fast ion conduction 
glasses have been performed on silver and lithium glasses. However comparable conductivity 
was observed in corresponding systems with copper ions [4].  
 Characterization of dynamic processes in glassy materials with ionic conductivity is very 
important since the ion transport significantly affects their practical performance. Conductivity 
spectroscopy and dielectric relaxation spectroscopy are powerful techniques that reflect the basic 
features of the relaxation and transport dynamics of the mobile ions [5,6]. An alternative 
technique for measuring electrical properties is impedance spectroscopy [7]. In this, ac 
impedance measurements are made over a wide range of frequencies and the different regions of 
the material are characterized according to their electrical relaxation times or time constants. 
Acoustic attenuation spectroscopy similarly as mechanical spectroscopy [8,9] is another 
techniques for the study of sub-Tg relaxations in glasses due to a strong acousto-ionic interaction 
[10,11]. Relaxation processes occurring on different time scales can be detected in one 
experiment since the corresponding acoustic loss peaks are spread out on the temperature scale. 
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15.2 Transport and relaxation properties of ion conductive glasses 
 
 Dynamic processes in glassy materials with ionic conductivity concerning both transport 
and relaxation of mobile ions, are extremely important for their practical application. The formal 
theories of transport properties and relaxation processes of many ion conducting glasses are 
similar [12]. However, the interpretation of ionic relaxation processes and ionic conductivity 
emphasized various aspects, in particular, the role of the glass structure and the role of ionic 
center potential on the hopping transport [13]. It is namely known that the ionic transport in 
glasses, at last in the dc regime and in the ac regime at not very high frequencies, is due to 
hopping of ions between localized states in the glass matrix [14]. However, generally accepted 
theory of ion transport mechanism does not exist, so that the hopping mechanism is described by 
several models. 

  
Fig. 1. Illustration of ion hopping in silicate glass 
[16].       
 
 The  „classical“ theory of ion transport 
presented originally for silicate glasses [15] 
supposed for ions simple hops from one site to 
another and passes through a door way which opens 
as it passes through. The cation sites then only 
require the presence of non-bridging oxygens. The 
activation energy is then the sum of two terms, one 
of which represents the electrostatic bridging 
energy to the original site and another which 

represents electrostatic strain energy. Fig. 1 shows a simple visualization of the extended 
classical model [16]. However, in spite of the fact, that this theory was used as a guide to the 
successful development of new fast ionic glass composition, the shortage of this model is that 
can be useful in the case when ions are divided to mobile and standing ions. Another view on 
transport mechanism carried the model of random sites (MRS), that supposed the large 
continuous distribution of ions in states with different free energy [1]. The change of 
conductivity is then controlled mostly by changing of ion mobility. 
 Recently due to the new observed results, several additional models describing non-
Debye relaxation in glassy electrolytes were proposed [17]. The key features of the dynamic 
structure model (DSM) [14] accounting the structural relaxation are: (1) the glass structure is not 
completely “frozen in”, (2) the mobile cations themselves are active in determining and creating 
the glass structure and (3) the ion transport is a hopping process. The combination of (1) and (2) 
spines also rise to various relaxation and “memory” effects which are characteristic of ion 
conductive glasses and strongly influence the hopping processes. The model can explain a 
simple power law operative in single-cation glasses but also many features of the mixed alkali 
effect. The basic idea of the dynamic structure model is the following. The mobile A+ ions create 
optimally configured A sites for themselves when the glass is formed from the melt, while less 
favourable C sites also exist. In Fig. 2 a construction of the effective potentials felt by ions 
hopping from A to A and from A to C sites are presented. The construction is made by 
superimposing site sensitive and cage effect potentials. Although the A to C barrier height is 
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assumed to be similar to the A to A one, A to C hops are virtually always unsuccessful because 
of the enhanced roll-back rate from C to A, which is a consequence of the comparatively small C 
to A barrier height. The existence of two empty sites leads also to the mixed alkali effect. 
                                           

Fig. 2. Schematic illustration of potential for 
a system described by the DSM involving ions 
moving to “stepping stores” sites (a) and 
“less good” sites (b). 
 
The basic idea of the jump relaxation model 
(JRM) is given in Fig. 3. Four assumptions are 
taking into account: (1) the hopping ions are 
all of the same kind, (2) there are many more 
sites than mobile ions, (3) the available sites 
are all of the same kind and (4) there is 
repulsive interaction between the mobile ions, 
resulting in a cage effect. Because of the cage 
effect, the ions tend to stay at some distance 

from each other. If an ion hops into a neighboring site (at time t = 0), this causes a mismatch 
which is described by the cage-effect potential. After the hop, there are two competing ways of 
relaxing. The ion may hop back to its original site or the neighboring mobile ions rearrange in 
the course of their own hopping motion. The latter procedure results in a shifting of the cage-
effect potential, i.e., in the formation of a new absolute potential minimum for the “central” ion 
at its new site. It is only in this case that the “initial forward” hop proves successful and 
contributes to the dc conductivity. In the original version of the jump relaxation model the 
problem has been treated by solving a set of rate equations [18]. 
 

Fig. 3. Basic idea of JRM. (a) The 
effective single particle potential 
(solid live) and cage-effect potential 
(broken line) after a hop from A to B 
at time t = 0. (b) Development of 
potential after a hop fort t > 0. δ is 
the potential barrier for the hop 
back. 
 
 
 The unified site relaxation 
model (USRM) [19] developed by 
combining the original JRM and the 
DSM accounts for the superlinear 

frequency dependence of conductivity. This new model is based upon the existence of both 
Coulombic (at the basis of the JRM) and structural (at the basis of the DSM) relaxations. The 
existence of two types of site, one adapted to the hopping ion (because it would still have the 
memory of having been occupied by an on of the same type) and the second non-adapted 
(because it would have lost memory of having been occupied) explains the two dispersive 
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regimes. As a consequence, the ion hopping motion is not a random process, but features a 
strong preference for so-called correlated forward-backward hopping sequences. If an initial 
forward jump of an ion is followed by a correlated backward jump, the former can be regarded 
as unsuccessful. If, however, the ion manages to stay at the new site and neighboring ions 
rearrange themselves causing site relaxation, then the initial forward hop is called “successful”. 
The latter relaxation process (Coulomb relaxation) causes a shifting of the Coulomb cage 
potential “felt” by the central ion and thereby initiates the site relaxation. The “leitmotif” of the 
unified site relaxation model is demonstrated in the bottom of Fig. 3. The bent line indicates that 
the ion initially (at  t = 0) jumps over a barrier of height Δ, from a site A to a vacant neighboring 
site B. The bent dashed line represents the correlated backward jump and the dotted line shows 
the site relaxation. Each of these competing ways of relaxing can be characterized by a time 
onstan

ed conductivity is, therefore, determined by single particle 
ovem

ever, the 
pplicability of a model depends on the individual glass composition and its structure. 

5.3.  Electrical characterization of ion transport and relaxations 

c t or by its inverse, the respective rate. 
 A different approach for modeling the ion dynamics in glass is counter-ion model (CIM) 
which uses Monte Carlo simulations to determine ac conductivity [19]. Within this model, 
mobile ions (normally cations) are diffusing in the presence of randomly placed Coulombic traps 
due to immobile counter-ions (normally anions). The ions are migrating under the influence of 
both, their mutual Coulomb inter-action and the long-range Coulomb fields caused by the 
counter-ions. For simplicity, the hopping process is assumed to occur within a three dimensional 
simple cubic lattice of spacing a and size L with periodic boundary conditions. Mobile ions 
occupy a given fraction of the lattice sites. These ions can perform jumps of length a to vacant 
neighboring sites. The model includes no adjustable parameter besides the ionic concentration 
and a typical Coulomb energy, V, which is normalized by the thermal energy, kBT. Like the 
unified site relaxation model, the counter-ion model is a microscopic model dealing with 
individual ionic jumps. On the other hand, it also includes all many body interactions arising 
from the Coulomb forces. The calculat
m ents as well as by cross terms. 
 The unified site relaxation model and the counter-ion model can be regarded as 
complementary. As a common feature, they are very simple and give a good picture about ionic 
transport in glass. Despite their simplicity, the σ(ω) spectra resulting from these models are in 
good agreement with many experimental findings. Both models basically agree in the 
interpretation of the different conductivity regimes of glass spectra. The USRM uses simple rate 
equations and the resulting analytical expressions for the conductivity are easily applied for 
obtaining fits to the conductivity data. Including two kinds of geometrically different sites, this 
model gives a more realistic impression about the structural situation found in glass. Aiming at 
simple analytical solutions, the model, however, neglects all kinds of cross correlations between 
the movements of different ions. Cross correlations are taken into account in the counter-ion 
model. They are shown to play an important role in the high-frequency behavior of the 
conductivity. In the CIM there is no need to superimpose different conductivity contributions, 
because the underlying processes are inherently included in the model. How
a
 
1
 
 The significance of electrical characterization of ion conductive glasses with respect to 
their transport mechanisms and relaxation properties is evident. Electrical conductivity 
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spectroscopy is a powerful technique for study of ion transport mechanisms complete. Complete 
conductivity spectra of ionic conductors extend from a few Hz up to the far-infrared regime 
covering more than 12 decades on the frequency scale. They reflect the essential features of the 
relaxational and translational dynamics of the mobile ions on a time scale whose width is 
unsurpassed by any other experimental technique. In spite of their potential for unraveling 
microscopic mechanisms of ionic motion, complete conductivity spectra of ionic conductors are 
still rare. The reason is the large frequency scale for which the requested radio, microwave and 
far-infrared equipment should be available. The electrical conductivity, σ, of many solids 
including glasses, polymers and crystals was shown to consist of a frequency independent and a 
strongly frequency dependent component [20]. From the experimental data in a limited 
frequency region it was noted that the overall frequency dependence of σ or the so called 
“universal dynamic response” (UDR) of ionic conductivity could be approximated by the 

llowing simple relation: 

                                                     

fo
 

(  )ωσ     (1) 

lude the 
equency dependence of σ at low temperatures (< 200 K) and/or high frequencies [17]: 

                                                ( )ωσ     (2) 

nt dielectric loss and hence its contribution may be called as the nearly 

 nonrandom or correlated kind of motion of the ions occurring on 
lative

This unwanted contribution to the dielectric loss is normally subtracted away in a 
trivial manner. 

sAωσ += dc , 
 
where ω(=2πf) is the angular frequency of measurement. For a typical ionic conductor containing 
moderate to high concentration of mobile ions, s ≈ 0.5-0.6, and both σdc and A follow Arrhenius 
type strong temperature dependencies. Recently, this expression has been updated to inc
fr
 

ss AA ′′++= ωωσ dc ,   
 
where s´ ≈ 1.0 and A´ is weakly temperature dependent. If s´ is exactly 1.0, the last term amounts 
to frequency independe
constant loss behavior. 
 The electric modulus representation is another electric method that has been used to 
provide comparative analysis of the ion transport properties in various ion-conductivity materials 
[21]. At low frequencies, random diffusion of the ionic charge carriers via activated hopping 
gives rise to a frequency-independent conductivity. At higher frequencies, however, σ´(ω) 
exhibits dispersion, increasing roughly in a power-law fashion and eventually becoming almost 
linear at even higher frequencies. The physical origins are not yet completely understood, but the 
dispersion clearly reflects a
re ly short time scales. 
 Dielectric spectroscopy has been traditionally applied to investigate dipolar relaxation in 
liquids and solids where reorientation of permanent dipoles gives rise to characteristic 
frequency-dependent features of the complex permittivity, ε*(ω) = ε´(ω) – iε´´(ω) [6]. In this 
case, ε´(ω) increases with decreasing frequency approaching a limiting value ε´(0) at low 
frequencies associated with the polarization resulting from alignment of the dipoles along the 
direction of the electric field. Concomitantly, the imaginary part ε´(ω) passes through a 
maximum at a frequency which is temperature dependent and whose inverse is commonly 
associated  with the characteristic time required for dipoles to reorient. In the dipolar situation, a 
dc conductivity is unexpected and when observed usually indicates the presence of impurity ions 
in the material. 
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 However, in practice, the polarization is inseparable from the eventual conduction 
process. The mobile ion, which creates polarization by reorienting locally, is the same ion that 
later separates from its immediate neighborhood to produce conduction at lower frequencies. In 
ion-conducting materials polarization and conduction are, there-fore, integrated into a single, 
continuous process. So that considerably more prominent in the literature is the electric modulus, 
M*(ω) = 1/(ω) [1]. The modulus shares an important analogy with shear stress relaxation 
measured by mechanical spectroscopy in solids, and in the case of ion-conducting materials, the 
frequency dependence of M*(ω) can be related to a corresponding time-dependent evolution of 
the electric field resulting from ion displacements. The loss tangent can be also used for the 
relaxation spectroscopy that reflects the basic features of the relaxation processes of mobile ions 
[6]. 
 Both σ*(ω) and M*(ω) or tg δ(ω) are in principle derived from the same experimental 
data (i.e., real and imaginary components of the sample impedance). However, the shape of the 
modulus and/or tg δ(ω) are sensitive to ε´(∞ ), the high-frequency limiting permittivity that 
results from near-instantaneous electronic and atomic polarization which is not directly related to 
the hopping motion of the mobile ions. Nevertheless, the modulus is still being used and 
misleading conclusions are still frequently drawn. 
 
 
15.4.  Mechanical and acoustic characterization of ion relaxations 
 
 The formal theory of all relaxation processes is similar. However, comparison between 
the electric and acoustic response functions may give useful insights into the dynamic behavior 
of ion conducting glasses. In practice, the electrical data are obtained in the frequency domain, 
while the experimental data of mechanical spectroscopy and acoustic attenuation spectroscopy 
are usually available in a narrow frequency region and over a wide temperature range. It is well 
known that the frequency dependent conductivity of ionic glasses is extremely informative and 
that there have not been systematic comparative studies of mechanical and electrical processes in 
the same glasses. 
 Mechanical spectroscopy is a powerful technique for the study of sub-Tg relaxations in 
glass. Relaxation processes occurring on different time scales can be detected in one experiment 
since the corresponding mechanical loss peaks are spread out on the temperature scale in an 
isochronal measurement. The classical studies of the mechanical loss properties of mixed alkali 
glasses [8] have, e.g., revealed the existence of a relaxation mode that is connected with the 
transport of the slower alkali ions. By way of contrast, the electrical properties of a glass are 
usually dominated by the transport of most mobile ions. Therefore, no direct information on 
slower relaxation processes can be obtained from electrical measurements. 
 The investigation of acoustic spectra of ionic glasses can also reflect the basic features of 
the relaxation and transport mechanisms of the mobile ions. Acoustic measurements made over a 
wide range of frequencies and temperatures can characterize different relaxation processes 
according to corresponding transport mechanisms due to a strong acousto-ionic interaction   
[10,11]. In glassy electrolytes, the mobile ions encounter different kinds of sites so that ionic 
hopping motion and relaxation processes connected with charge mobility can be obviously 
explained by  modified jump relaxation model and suitable response function for transport 
mechanisms and relaxation processes  description, respectively [10,22]. 
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  The basic principles of theories describing relaxation processes of many ion conducting 
glasses, melts and crystals are similar [23]. In the case of systems containing a low concentration 
of mobile ions the attenuation may be described as a superposition of Debye-like, single 
relaxation time processes in which the individual ion hops occur independently of each other. In 
fact all the investigated relaxation peaks are much broader than Debye peak that can be 
interpreted as arising from the existence of a distribution of relaxation times due to random 
deviations in the local arrangement of the system. According to this hypothesis when the 
relaxation losses are not too large one can write for the acoustic attenuation a distribution f(τ) of 
relaxation times [10]. As a consequence, the τ distribution can be connected with a distribution 
of activation energies f(E),  representing the heights of the barriers that the ions must surmount to 
go into the near allowed positions. The acoustic attenuation will exhibit a maximum when the 
relaxation time τ is comparable to the period (1/ω) of the acoustic perturbation, where  
 

is the most probable relaxation time [11]. The relaxation processes, described by an Arrhenius 
equation (X.3), are characterized by activation energy EA for jumps over the barrier between two 
potential minima and typical relaxation frequency of ion hopping 1/τ0 ≈ 1013 – 1014 s-1. 

⎟
⎠
⎞⎜

⎝
⎛= peakTBkAE /exp0ττ     (3)

In fact all the investigated relaxation peaks are much broader than Debye peak. It can be 
interpreted as arising from the existence of a distribution of relaxation times due to random 
deviations in the local arrangement of the system. According to this hypothesis that the 
relaxation losses are not to large, it can be written for the acoustic attenuation, in case of a 
distribution f(τ) of relaxation times  

 

As a consequence, the τ distribution can be connected with a distribution of activation 
energies Ea, representing the heights of the barriers that the ions must surmount to go into the 
near allowed positions. A useful form of equation (X.4) that takes into account only E 
distribution can be derived by the microscopic theory    

where an average deformation potential B expresses the coupling between the ultrasonic stress 
and the system and P(E) represents the E distribution function. We can assume for P(E) a 
Gaussian distribution [24] 

in which N is the total number of jumping particles per unit volume, Ea the most probable 
activation energy and E0  the width of the distribution.   

This approach depends on the assumption that ion migration may be treated in terms of a set 
of non-interacting Debye-like processes. However, in solid electrolytes the mobile ion 
concentrations are large and conduction mechanisms are thought to be cooperative. The 
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relaxation phenomena observed in a wide variety of materials exhibit a power-law type of 
frequency dependence. The relationship to Debye behaviour is expressed in the form [10] 

where m and n are power-law exponents, which take values between 0 and 1. When m = 1 and n 
= 0, equation (X.7) reduces to the equation for a single Debye-like process.  

 Two functions have mainly been used to fit mechanical loss data [11]. The first function is 
the Kohlrausch-Williams-Watts (KWW) function  

with 0 < β ≤ 1. The acoustical attenuation is then given by 

The second function is the double power law 

 
Recently it has been demonstrated [10] that power law responses can be produced by 

a simple exponential distribution of relaxation times. 
 
15. 5.   Transport and relaxation study of ionic phosphate glasses 
 
 Phosphate glasses containing Cu+ conducting ions have gained attention during last few 
decades because of their promising potential use in various technological applications. Glassy 
electrolytes used in these devices should meet some criteria, but the most important is high ionic 
conductivity at room temperature. The highest ionic conductivities     (σ298 K ≈ 10-2S cm-1) ere 
attained in Ag+ ion-containing glasses [1]. Conductivities comparable to Ag+ ion-containing 
glasses were obtained in corresponding systems with Cu+ conductive ions (Cu+ ions have similar  
electronic configuration (d10) to that of Ag+ ions). These glasses have been mainly prepared in 
systems based on P2O5 [4,25] and/or MoO3 (see for example [26,27]) as “glass-forming” oxides. 
The highest conductivities have been recorded in systems containing large mole fractions of 
cuprous halides, such as CuI, CuBr and CuCl. The maximum halide content is limited by the 
ability of glass formation of the respective systems. Moreover, in recent literature it has been 
reported that if two different halide anions are mixed into cation-conducting glasses, a positive 
deviation of the electrical conductivity from the additivity rule is observed (mixed-anion effect) 
[28]. Mixing of two anion species in cationic conductors could be one promising way for 
obtaining high-conductivity glassy electrolytes. The mixed anion effect is in striking contrast to 
the mixed cation effect which is characterized by negative deviation of the conductivity from 
additivity.  
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In recent years, several systems of modified phosphate glasses with different cuprous halides 
and various compositions of glass forming systems were prepared and investigated using IR, 
SEM, and X-ray spectroscopy, dc and ac conductivity measurements, electric relaxation 
measurement and acoustic attenuation spectroscopy [4,26-31]. The presence of several structural 
units, from discrete monomeric to those with three-dimensional networks and corresponding 
transport and relaxation behaviors, were observed. 

In this part the both acoustic and electrical relaxation processes and transport mechanisms are 
investigated more completely on identical ionic phosphate glasses of the two systems CuI-CuBr-
Cu2O-P2O5 and CuI-CuBr-Cu2O-P2O5-MoO3 containing Cu+ ions. Several distinctive peaks in 
the acoustic attenuation spectra and at least two conductivity regimes of transport mechanisms 
were observed. Both the acoustic and electrical measured date are analyzed using suitable model 
representations. 

Two systems of glasses (18.18–x) CuI – x CuBr – 54.55 Cu2O – 27.27 P2O5 (System I) and 
(25.00–y) CuI – y CuBr – 46.875 Cu2O – 9.375 P2O5 – 18.750 MoO3  (System II) were 
completely investigated (their complete sets are in Tab.X.1) and the procedure of their 
preparation have been already described [4,27,29]. However, for the acoustical attenuation 
measurements only three samples of System II could be chosen because of their suitable 
thickness.  

The acoustic attenuation measurements using longitudinal acoustic waves of frequency 13, 18 
and 27 MHz generated by quartz transducers as well as dc and ac electrical conductivity 
measurements (50 Hz – 1 MHz) were carried out in the temperature range 140 - 380 K. The 
quartz buffer rod was used to separate the acoustic signal from quite short sample. The acoustic 
attenuation was measured using MATEC attenuation comparator and electrical conductivity was 
measured using FLUKE impedance analyzer. Guard ring gold electrode configuration including 
blocking electrode were evaporated on glass discs of the thickness ≈ 2 mm and  area ≈ 1 cm2  for 
electrical investigation.  

The temperature dependencies of dc conductivity for all samples indicate several different 
transport mechanisms represented with activation energies Ea1

dc - Ea4
dc for first system and Ea1

dc 
- Ea2

dc for second system. However energies Ea3
dc - Ea4

dc represents probably some dissociation 
and association processes connected with defect formation [2,31], that is supported also by 
repeated measurements, the characteristic feature of which was vanishing of these processes with 
increasing number of temperature cycles. Besides the activation energies Ea2

d of the System II 
are practically constant over a wide range of glass composition of CuI/CuBr halides, the 
activation energies Ea1

dc of this system include a strong mixed cation effect [23]. The 
representative result of measured dc conductivity (sample BIDP5 and IBPM2) as a function of 
temperature is illustrated in Fig. 4a. The frequency dependences of ac conductivity measured at 
various temperatures and frequencies (Fig. 4c-d) corresponded to the complete conductivity 
spectra of glassy samples consisting of low frequency plateau (III) regime and dispersive 
frequency dependent regime (II) [5,22]. An additional deviation of conductivity from the flat ac 
plateau was observed at low frequencies and higher temperatures  (Fig. 4.d)  that is obviously 
referred to electrode polarization [4]. But our measurements indicate more possible transport 
mechanisms, so that the shift of ac conductivity can represent different hopping centers. The ac 
conductivity spectra can be fitted then by the equation  

σ(ω) = σ(0) + Aωs,       σ(0) = σ0 exp (Ea
dc/kBT) ,                                                            (11) 
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where σ0  is the pre-exponential factor, Ea

dc is the activation energies of the ions transport and 
hopping processes determined from dc measurements.  Because the pre-exponential factor σ0 is 
function of temperature, the factor σT was used in Arrhenius plots of dc conductivity. The 
corresponding activation energies Ea1

dc - Ea4
dc are summarized in Table 1. 

The imaginary and real part of the complex permittivity ε* (ω) = ε’(ω) - iε’’(ω) defines the 
so-called loss tangent of the material 

                                               tan δ(ω) = ε’’(ω) / ε’(ω),                                                  (12) 
 
that is related to the attenuation constant (or absorption coefficient) of an electromagnetic wave 
propagating in the material, where ε’(ω ) and ε’’(ω ) are the real and imaginary parts of the 
complex permittivity which characterize the refractive and absorptive properties of the material, 
respectively. The real and imaginary parts of the complex permittivity were calculated using the 
sample dimensions and the measured dates of impedance analyzer. The activation energies of the 
relaxation  processes  were estimated  using the isochronal peaks of  tanδ (ω,T)  from the plots of  
 

 
 
Fig. 4. Representative dc electrical results including Arrhenius plot of dc conductivity (a), 
temperature dependence of dielectric loss tangent (b) and  frequency dependence of ac 
conductivity (c,d). 
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log f vs. 1/Tmax. These plots are straight lines in accordance with Arrhenius equation 

                                        f = f0 exp (Ea
tgδ/ kBTmax) ,                                                         (13)  

 
where f is the frequency of applied electrical field,  f0 is the pre-exponential factor and Ea

tgδ is the   
value of activation energy of the dielectric losses connected with the ion hopping process. The 
temperature dependences of the loss tangent illustrated in Fig. 4b shows at given frequency range 
only one broad peak with maximum position (tan δ (Tmax)) shifted to higher temperatures with 
increasing frequency. But at lower frequencies also another peak can be recognized. 

The acoustic attenuation spectra of samples of investigated set at all frequencies indicate one 
broad attenuation peak at higher temperature in which we can distinguish easily two separated 
peaks (Fig. 5a-c). The acoustic attenuation exhibits a maximum when the relaxation time τ  is 
comparable to the period of the acoustic perturbation (ωτ = 1), where ω is the angular frequency. 
The relaxation processes are characterized by activation energy Ea

a for jumps over the barrier 
between potential minima and typical relaxation frequency of ion hopping 1/τ0. Using the 
Arrhenius  type equation between  the peak temperature Tpeak  and the applied  frequency ν  (3) 
 

  
Fig. 5. Representative acoustics attenuation spectra of several glasses of the System I measured 
at 18 MHz (a,b) and 27 MHz (c) and the dependence of the relative peak intensities on glass 
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composition (d). Cross-marked lines represent the best fit as superposition of individual peaks 
(dashed lines). the value of activation energy of the ion hopping process can be determined.  

The acoustic attenuation spectra of the investigated cuprous halide glasses were gradually 
fitted using various theoretical attenuation functions including the Debye, Kohlrausch-Williams-  
Watts and  Double  Power  Law  functions [30]  utilizing the mathematical  procedure of  genetic  
algorithm with binary representation of the theoretical attenuation function variables [29]. Using 
the theoretical model with Double Power Law function (10), calculated lines gave an excellent 
agreement with the measured acoustic spectrum in the whole temperature range. 

 
Table 1. Activation energies calculated from acoustic (Ea

a) and electric dc (Ea
dc) and ac (Ea

tgδ) 
measurements using corresponding Arrhenius plots and glass transition temperatures (Tg) 
determined from acoustic measurements. 
 Acoustic measurements Electrical measurements 

SystemI x [mol%] a
aE 1

a
aE 2

a
aE 3 gT dc

aE 1
dc
aE 2

dc
aE 3

dc
aE 4

δtg
aE 

[eV] 

 

[eV] 

[
eV] 

 

[K] 
 

[eV] 

 

[eV] 

 

[eV] 

 

[eV] 

 

[eV] 
IDP       0 0.48 0.43 0.36 - 0.48 0.44 0.55 0.30 0.48 
BIDP1 2.27 0.47 0.41 0.37 395 0.46 0.40 0.52 0.30 0.46 
BIDP2 4.55 0.46 0.41 0.36 384 0.46 0.44 0.54 0.35 0.47 
BIDP3 6.82 0.46 0.41 0.37 390 0.46 0.42 0.55 0.30 0.48 
BIDP5 9.09 0.46 0.42 0.33 380 0.46 0.42 0.54 0.33 0.47 
BIDP6 11.36 0.46 0.42 0.35 379 0.45 0.43 0.52 0.35 0.48 
BIDP7 13.63 0.45 0.42 0.39 377 0.45 0.43 0.50 0.23 0.47 
BIDP8 15.91 0.46 0.43 0.36 372 0.42 0.41 0.52 0.26 0.50 
BDP 18.18 0.47 0.43 0.39 379 0.43 0.41 0.51 0.18 0.47 
SystemII y [mol%]          
IPM 0 0.47 0.39 0.34 - 0.39 0.40 - - 0.39 
IBPM2 3.125 - - - - 0.18 0.39 - - 0.36 
IBPM3 6.250 - - - - 0.27 0.40 - - 0.34 
IBPM5 9.375 0.48 0.40 0.35 - 0.33 0.40 - - 0.34 
IBPM1 12.500 - - - - 0.34 0.40 - - 0.34 
IBPM4 18.750 - - - - 0.25 0.38 - - 0.35 
BPM 25.00 0.46 0.43 - - 0.36 0.38 - - 0.36 

 
The representative acoustic spectra measured at 18 and 27 MHz of some glasses of the 

System I are illustrated in Fig. 5 where the change of position and proportion at the broad 
maxima peaks can be seen. Their theoretical simulation for two different frequencies (18 and 27 
MHz) is illustrated for some samples of this set in Fig. 5a-c, respectively. The temperature 
dependencies of the acoustic attenuation were finally analyzed assuming the existence of three 
thermally activated relaxation processes of Cu+ ions in connection with different kinds of sites. 
The proportion of the intensities of first two peaks (I1 / I2) depends on the glass composition, that 
is on the ratio CuBr/(CuI + CuBr) and reaches its maximum at x = 6.82 similarly as dc 
conductivity. The dependences of relative intensities of individual acoustic attenuation peaks on 
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glass composition are illustrated in Fig. 5d. The third peak, the presence of which only enables to 
fit the experimental dates thoroughly, represents non-essential transport mechanisms probably 
dependent only on glass forming system. Using the equation (3) and values of Tpeak for individual 
peaks, the activation energies Ea

a were determined (Tab.1). 
As it can be seen from the summarization of activation energies in Tab. 1, there are several 

categories of relaxation processes. High temperature activation energy established by all three 
methods, Ea1

dc, Ea1
a, Ea

tgδ presents the basic mechanism. The second mechanism observed by 
both acoustic and conductivity measurements Ea2

a, Ea2
dc can play an important role in ionic 

transport, too. The existence of the processes characterized by activation energies Ea3
dc, Ea4

dc of 
System I is probably induced by the conditions of glass preparation and can be reduced by 
thermal treatment. The energy Ea3

a represents relaxation mechanism that does not influence the 
ionic transport significantly. 

In addition to relaxation studies, for each glass of System I the glass transition temperature, 
Tg, was observed from acoustic attenuation measurement. The glass transitions temperature (Tab. 
1) determined from acoustic measurements exhibited excellent coincidence with those 
determined from differential thermal analysis. 

Comparing the activation energies obtained from acoustic and electrical measurements, it 
seems reasonable that essentially the some microscopic processes can be responsible for both 
acoustic and electrical relaxation processes. However, some differences can be caused by the 
different relaxation mechanisms connected with ion hopping transport at ac electric field and the 
hopping of mobile ions due to the interaction of acoustic wave with glass network. 

The results from IR spectra of the CuI-CuBr-Cu2O-P2O5 glasses [26-28] indicate that the 
thermal activated processes of Cu+ ions determined for all samples of investigated systems can 
be associated mainly with three different structural units - monomeric orthophosphate PO4

3–, 
low-condensed dimeric diphosphate oxoanions P2O7

4– and P3O10
5– structure phosphate anions. 

The local electric field around the trivalent orthophosphate anion PO4
3– is stronger than the local 

electric field around dimeric diphosphate oxoanions P2O7
4– and triphosphate P3O10

5– anions 
because the diphosphate and triphosphate anions has smaller negative electric charge on non-
bridging oxygen atoms. Moreover, expanded structure of chain groups creates advantageous 
conditions for ionic motion [4]. For that the electrostatic interactions between the mobile Cu+ 
ions and orthophosphate anions are stronger than those between Cu+ ions and diphosphate and 
triphosphate anions and we can suppose that the relaxation processes with biggest activation 
energies can be connected with monomeric orthophosphate anions and the processes with 
smaller energies can be connected with both dominant diphosphate oxoanions P2O7

4– and low 
condensed triphosphate anions and maybe other polymeric structural units. However, the 
existence of two main relaxation and transport mechanisms should support the idea of two 
equivalent anion structural units. 

The infrared study of Cu+ ions conducting glasses in the similar systems as System II [26] 
showed that these glasses contain mainly PO4

3- and MoO4
2- tetrahedral anions groups and 

cuprous halides as well as their mixtures do not affect significantly the dominant phosphate and 
molybdate oxide structural units of glasses. For movement of Cu+ ions in glass structure also the 
nature of anion distribution in the network is important. Structure of investigated glasses changes 
significantly with increasing MoO3/(P2O5+MoO3) ratio. With increasing content of MoO3 in 
glasses the number of non-bridging oxygens (NBO) which is associated probably with increase 
in polarizability of oxygen atoms increases, too. Mixing of cuprous halides in these systems 
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causes a negative deviation in the activation energy from the additivity rule, which corresponds 
with the positive deviation in electrical conductivity. 

The fact that some of activation energies determined from dielectric spectroscopy and 
conductivity measurements on one side and acoustic attenuation spectroscopy on other side have 
the same or very close values (Ea1

a, Ea1
dc, Ea

tgδ; Ea2
a, Ea2

dc) proved that the same mechanisms can 
influence electrical and acoustical losses in investigated ion conductive glasses.  
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16.  STUDYING STRUCTURE AND THERMAL PROPERTIES OF  
OXIDE GLASSES 

 
Marek Liška 

16. 1.  Introduction 
 

Glass is accompanying people from the early times of mankind. First it was the natural 
glass generated by the volcanic processes and the glass “produced” by the impact of meteors 
on the earth. During formation of the earth, highly siliceous melts of rocks froze to natural 
glasses such as obsidians. After some time the people start the glass melting. Glass was first 
produced by man about 4000 years ago in ancient Egypt. From this time the need of the 
knowledge of glass composition, structure and properties is dated. These are the typical 
questions answered by the glass chemistry [1-6]. 

Comparing the glass chemistry with other fields of chemistry we can find it relatively 
young. This is mainly due to the fact that production of well defined and homogeneous glass 
samples was serious problem due to the need of high temperatures and laboratory equipment  
that is sufficiently stable at high temperatures and does not contaminate the melted glass 
(platinum or rhodium crucibles, stirrers etc.). Also the use of platinum stirrers to reach the 
homogeneity of the glass melt was the crucial step towards the production of homogeneous 
glass samples. On the other hand the glass “chemistry” covers in fact a boundary area 
between chemistry, physics, and mineralogy, (and biology and medicine in the field of 
bioglass). The glassy state is a general phenomenon and we can meet it in the field of 
inorganic substances, organic substances and metals. Throughout this chapter we will focus 
mostly on the inorganic (silicate) glasses. The aim of the present contribution is point out the 
mutual relationships between the understanding of the glass structure and construction of the 
thermodynamic models of glass. Finally the method of studying glass structure based on 
combined statistical treatment of Raman spectra with the thermodynamic model will be 
presented together with the example of its application on the chalcogenide glasses from the 
pseudobinary system As2S3 - As2Se3. 
 
16.2.  Thermodynamics of glass formation [7, 8] 
 

The glass is commonly defined (e.g. [9]) as the non-crystalline solid obtained by 
cooling the melt without crystallization. Despite the fact that glass can be produced also by 
other ways, like by the sol-gel method or by the amorphization of crystalline solid [6], it is 
worth noting the uncommon situation when the method of preparation becomes a part of the 
definition of some kind of substance-material. This indicates the importance of the kinetic 
factors connected with the glass formation. On the other hand the kinetics – namely the 
kinetics of nucleation and crystal growth – is determined by the (under-cooled) melt structure. 
The typical course of the glass formation from the melt can be seen in Fig. 1 where the 
temperature dependence of the (single component) system volume is plotted against 
temperature. The melt is in the state of the true thermodynamic equilibrium (corresponding to 
the global minimum of the Gibbs energy at isothermal-isobaric conditions) at the melting 
temperature Tm. In case of the multi-component system the melting temperature is replaced by 
the liquidus temperature, Tliq, and during crystallization the temperature gradually decreases 
tracing the binary, ternary… eutectic lines of the particular equilibrium phase diagram until 
the multi-component eutectic is reached at the temperature Teut (obviously Teut < Tliq). The true 
thermodynamic equilibrium of the single-component system under the Tm temperature is then 
represented by the crystalline state. In case- of multicomponent system the equilibrium 
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mixture of crystalline phases and the melt corresponds to the true thermodynamic equilibrium 
in temperature ranging from the liquidus temperature to eutectic temperature and to the 
crystalline state under the eutectic temperature. 
The equilibrium state represented by the equilibrium mixture of crystalline phases is termed 
the Crystalline Reference State (CRS) by Conradt [Conradt]. It is worth noting that the 
knowledge of the particular equilibrium phase diagram is sufficient for the knowledge of the 
composition of the CRS. Thus mole fractions of individual thermodynamically stable 
crystalline phases in the CRS can be simply calculated from the particular phase diagram, 
namely from the coordinates of particular eutectics (non-variant points of the phase 
diagrams). 

When the crystallization is avoided (due to sufficiently high cooling rate) the 
metastable equilibrium state represented by the under-cooled melt is reached below the Tm / 
Tliq temperature. Depending on the cooling rate the system follows the metastable equilibrium 
until the glass transition region (the curved part of the dashed line) where the increase of the 
viscosity and thus the structural relaxation time leads to freezing in of the structure. Under the 
glass transition region characterized by the glass transition temperature Tg the glass is 
obtained (the dotted line). The kinetic character of the glass transition is expressed by the fact 
that decreasing the cooling rate (but avoiding the crystallization) shifts the glass transition to 
lower temperatures. Thus the glass structure depends on the cooling rate, i.e. on its thermal 
history. It is worth noting that the Tg temperature is in fact not strictly defined. On one side it 
depends on the cooling rate but also on the method of its determination (thermodilatometry, 
DSC…). The structure of the glass can be thus characterized by the temperature at which the 
metastable equilibrium structure was frozen in. This is the fictive or structure temperature Tf 
introduced by Tool. In the simplified situation of linear volume temperature dependence 
presented in Fig. 1 the glass transition temperature coincides with the Tool’s fictive 
temperature. In fact the V(T) linearity can be generally assumed with some reasonable 
accuracy in limited temperature range. This situation may be reached supposing the 
temperature independent value of the volume thermal expansion coefficient: 
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1β       (1) 

 
and replacing the exponential volume temperature dependence resulting from the Eq.(1) by 
the linear approximation: 
 

( )[ ] ([ 1211212 1exp TTVTTVV )]−+≅−= ββ     (2) 
 
Thus the slopes of linear dependences plotted in Fig. 1 are simply related to the particular 
thermal expansion coefficients. It is worth noting, that the thermal expansion of glass can be 
well approximated by the thermal expansion of the CRS. In both cases the volume change 
induced by temperature increase is connected only with the increase of population of higher 
vibrational states. The real experimentally obtained temperature dependence of volume 
(length) obtained by the thermodilatometric measurement is plotted in Fig. 2. 
Similar picture can be obtained for the temperature dependence of the system enthalpy, H. 
The slope of lines in the H(T) line is then given by the isobaric heat capacity CP: 
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Like in the case of the thermal expansion coefficient the temperature independent values of 
heat capacity can be assumed in the plotted temperature range. Moreover, using the same 
reasoning as in the case of thermal expansion, the same value of heat capacity of glass and 
those of the CRS can be assumed. It is also obvious that the value of the heat capacity / 
thermal expansion coefficient of metastable melt is higher than those of the glass. It is of 
academic importance only, that assuming the extremely low cooling rate we can reach the 
hypothetic situation when the volume / enthalpy of the metastable melt will be lower than 
those of the CRS. Taking into account the logarithmic temperature dependence of the entropy: 
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the same picture will result when entropy is plotted against lnT. Here the situation when 
extremely slow cooling would lead to lower entropy of metastable melt than of the CRS is 
paradoxical. This situation is known as the Kauzmann paradox. The point where the entropy 
of metastable melt equals to the entropy of the CRS is considered as an ideal glass. The glass 
close to this state can be obtained by amorphization of some zeolites [6]. 

To describe the thermodynamics of the glass state we have first to discuss the fact that 
glass itself is not in the equilibrium state and its structure depends on the kinetics factors, e.g. 
on the thermal history or the cooling rate when the glass was prepared from the undercooled 
melt. However, following the reasoning of Conradt [8, 10], we can with some acceptable 
tolerance accept the glass as a system with definite (mean) values of thermodynamic 
quantities. 
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Fig. 1: The temperature dependence of volume during cooling of the single component melt. 

 

346



 

300 350 400 450
-500

-400

-300

-200

-100

0

500

 

 

 

Tg

T / °C

10
5 . Δ

l/l
0

 
Fig. 2. Thermodilatometric cooling curve (cooling rate 5°C/min.) of the NBS711 viscosity 

standard glass. Dashed linear parts with the slopes corresponding to the thermal 
expansion coefficients of glass (αg = 10.7 ppm/°C) and metastable melt 
(αg = 29.2 ppm/°C) are used for the Tg value estimation (Tg = 435°C). 

 
In analogy with melting where we define the melting difference of any property as  

the difference between the melt and crystal at the temperature Tm: 
 

TT at  crystalat melt fus −=Δ     (5) 
 
we define the vitrification change of any property as: 
 

TT at  crystalat  glassvit −=Δ     (6) 
 
once again in many component incongruent systems, the crystal is replaced by CRS and Tm by 
Tliq (or an effective mean temperature between the Tliq and Teut). Due to the assumption CP,glass 
= CP,CRS that results in the parallel course of enthalpy temperature dependence the vitrification 
enthalpy is constant below Tg, i.e.: 
 

)();( gfusg THTTTHvit Δ=≤Δ     (7) 
 
The temperature dependence of the enthalpy of melting can be calculated from the known 
(from calorimetry experiment) enthalpy of melting at Tm assuming the temperature 
independent heat capacities: 
 

PPPPRSPPP CCCCCCC = Δ−=−=Δ vitglass,melt,C,melt,fus = Δ    (8) 
 
and consequently: 
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The entropy of melting at Tm, ΔfusS(Tm), can be obtained from the equilibrium condition: 
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and for the temperature dependence of the melting entropy we obtain: 
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Using the same reasoning as in the case of vitrification enthalpy, we obtain: 
 

)();( gfusg TSTTTSvit Δ=≤Δ     (12) 
 
Taking into account Eqs.(7, 12) we can conclude that we have described the thermodynamics 
of vitrification by the thermodynamic quantities related to crystallization. Obviously, the 
driving force for isothermal isobaric devitrification (by crystallization) is represented by the 
positive value of the vitrification Gibbs energy ΔvitG(T): 
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that can be rewritten as: 
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Because of the positive value of the melting enthalpy and the relationship Tg < Tm it can be 
seen from the above equation that the thermodynamic driving force towards crystallization 
(i.e. the opposite to vitrification) increases with decreasing temperature. 
The following rules of thumb are frequently used in the glass science [8, 10] 
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These rules, although almost never correct in detail, give reasonable estimates of the true 
values. Inserting the Eq.(16, 17) into the Eq.(11, 12) we obtain the equation: 
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leading to the simple relationship between Tg and Tm: 
 

mmmg 3
2641.0)9/4exp( TTTT ≅=−=    (19) 

 
Moreover, inserting the Eq.(19, 17) into the Eq.(7, 9) we obtain simple approximate 
relationship between ΔvitH and ΔfusH: 
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Finally, inserting the Eq.(16, 21) into the Eq.(13) we obtain the temperature dependence of 
the affinity to glass crystallization: 
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The above equations are of especial importance because the enthalpies of melting of 
crystalline compounds are well experimentally determined and can be obtained from many 
sources including various thermodynamic databases [11]. 
 
16. 3.  Glass structure  
 

What is the structure [1-5] of glass and how to describe it? In contrary to the 
crystalline substances where the 3D translational symmetry takes place the structure of glass 
cannot be quantified giving a small number of numeric data. Due to the 3D translational 
symmetry the structure of any crystalline substance is given by specifying the basic cell and 
giving the fractional coordinates of all atoms located in the basic cell. Positions of all other 
atoms are then simply given by superposition of translations in the three dimensions. 
Following this concept the structure of glass would be given by specifying Cartesian 
coordinates of all atoms - i.e. about ~1025 data for one mol of glass. 
 On the other side the relatively uniform coordination polyhedra, like SiO4, AlO4, BO4, 
BO3 etc., can be found in the oxide glass. Therefore the glass structure has to be seen in 
different scales. The uniform coordination polyhedra correspond to the short-range order 
(SRO) or the nearest neighbor scale. Going to the next nearest neighbor we can distinguish 
between various types of coordination polyhedra according to their structural position within 
the glass network. So the SiO4 tetrahedra can be classified according to the number of 
bridging oxygen atoms, connecting them with the neighboring polyhedra. For instance Qi 
represents the SiO4 polyhedron with i bridging oxygen atoms, i.e. Si(-O-X)i(-O-)4-i, where X 
stands for any other networkforming atom (Si, Al, B, P,…). Going to the next nearest 
neighbor (and next-next nearest neighbor) we can reach more detailed structural description 
corresponding to the medium range order (MRO). The long range order (LRO) structural 
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information concerns the large extent of the polymerized 3D network. Different glass 
properties are structurally influenced in different extent of structural arrangement. So some 
optical properties are defined by the SRO, mechanical, electrical and thermal properties 
depend on the MRO and LRO structure. 

On the other hand, the usefulness and applicability of any kind of the structure 
description / quantification is limited by the experimental methods enabling its quantitative 
determination. So the nearest neighbor and next nearest neighbor description of 
networkforming coordination polyhedra is possible mainly due to the experimental techniques 
like EXAFS, XANES, NMR and Raman vibrational spectroscopy. 

The most important structural theory of inorganic glasses was developed by Zachariasen 
and Waren [12, 13]. According to the Zachariasen-Warren Continuous Random Network 
(CRN) theory the following rules are valid for the formation of glass from simple compounds 
like SiO2, B2O3, P2O5, GeO2, As2S3, As2Se3, BeF2, ZnCl2 etc.: 

 
i) An oxide or compound tends to form a glass if it easily forms polyhedral groups as 

the smallest building units. 
ii) Polyhedra should not share more than one corner. 
iii) Anions (like O2-, S2-, Se2-, F-, Cl-, …) should not bind more than two central atoms 

(in simple glasses anions form bridges between two adjacent polyhedra). 
iv) The number of vertices of polyhedron should be less than six. 
v) At least three vertices of a polyhedron must be shared with neighboring polyhedra. 
 
These rules can be well understood when we think about the consequences of their 

violation. The first rule is in some extent equivalent to the assumption of covalent (or polar 
covalent) bonding between cations and anions. In another words the covalency implies the 
sufficient strength of the 3D backbone. The violation of second rule results in more regular 
(more crystal like) structure and thus the crystallization of the melt can be expected at least 
when common cooling rates are applied. The same reasoning can be applied in the case of 
violation of the next rule. The fourth rule can be understood in two different ways. On one 
side the six (and more) coordinated polyhedra form more regular structures. On the other side 
the high coordination numbers are typically found in ionic compounds, i.e. in case of 
electropositive atoms like alkaline and alkaline-earth atoms. The last rule assures the 
formation of three-dimensional network. In case of sharing only two vertices the chain (or 
cyclic) structure is formed and the covalent percolation of the melt bulk is not reached. 
 Zachariasen classified the cations in a glass as follows: 
 

i) Network-formers (NWF, e.g. Si, B, P. Ge, As, …) with the coordination number (by 
oxygen, by fluorine) 3 or 4. 

ii) Network-modifiers (NWM, e.g. Li, Na, K, Ca, Sr, Ba, …) with coordination numbers 
generally greater or equal to 6. 

iii) Intermediates that may either reinforce the 3D network by cross-linking 
(coordination number 3 or 4) or weaken the network by depolymerization 
(coordination number 6 – 8). Moreover the intermediate cations cannot solely form 
the single component glass. 

 In case of silicate glasses the NWM oxides (e.g. Na2O) depolymerize the network of 
SiO4 tetrahedra by disrupting the oxygen bridges (bridging oxygen - BO) and creating the 
non-bridging oxygen atoms O- (NBO): 
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≡Si-O-Si≡ + Na2O = 2≡Si-O- + 2Na+   (24) 

 
The lack of experimental information about the structure of glass and the difficulties in 
describing the polymerized structure in the LRO extent can be partially solved by the concept 
of atom-specific structure elements (ASEs) developed by Sprenger [14, 15, 16]. 
 
 
16. 4.  Deducing the structure from stoichiometry 
 
16.4.1.  Silicate Glasses 

The structure of silica glass is formed by mutually 3D interconnected SiO4 tetrahedra. 
Each tetrahedron is sharing four oxygen atoms with neighboring tetrahedra, i.e. the structure 
is on the SRO level composed from Q4 structural units. When alkaline or alkaline earth oxide 
is added to silica glass the 3D silica network is gradually depolymerized due to the reaction 
(24). According to the ratio between the molar amounts ox oxygen and silicon atoms, R = 
n(O)/n(Si), the structure can be roughly characterized as composed from the mixture of Qi and 
Qi+1 structural units (Tab. 1). In case of specific glass compositions listed in Tab. 1, the glass 
can be considered as composed from single type of Q-units. 
 
Table 1: Structural units of silicate glasses and glass compositions of alkali silicate and 

alkaline earth silicate corresponding to the R value 

Structural unit 
Qi Ri Coordination Formula 

Glass composition 
R = Li, Na, K, Rb, Cs, Fr 
R’ = Mg, Ca, Sr, Ba, Ra 

Q4 2 SiO4/2 SiO2 
Q3 2.5 [SiO3/2O1/1]- R2O·2SiO2, R’O·2SiO2 
Q2 3 [SiO3/2O1/1]2- R2O·SiO2, R’O·SiO2 
Q1 3.5 [SiO3/2O1/1]3- 3R2O·2SiO2, 3R’O·2SiO2 
Q0 4 [SiO4/1]4- 2R2O·SiO2, 2R’O·SiO2 

 
 It is obvious, that when the assumption of the structure formed by only two successive 
Q-units (say Qi and Qi+1, where 0 ≤ i ≤ 3) is applied, the relative amount of individual Q-units 
can be simply calculated from stoichiometry. It is worth noting that this very simple model 
can provide very important information, e.g. in the field of bioglass [17, 18]. Let us consider 
the glass of composition given by the formula xR2O·yR’O·(1-x-y)SiO2, where 0 <x, y < 1, and 
x+ y < 2/3. Then the i value is determined from Tab. 1 by the inequality: 
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Then the mole fractions, x(Qi), of particular Q-units are calculated from the mass balance 
equations: 
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351



Unfortunately, the above approach can be used for the rough orientation purposes only. In 
fact, Q-units disproportionate and the Q-distribution is given by the equilibrium of the 
disproportionation reactions of the type: 
 

3,2,1,QQQ2 11 =+↔ −+ nnnn    (28) 
 
Nevertheless even the very simple approach considering the coexistence of only two 

successive Q-units, can successfully explain some experimental property – composition 
relationships. As an example the compositional dependence molar volume of binary Na2O – 
SiO2 glasses at room temperature is presented in Fig. 3. Experimental data of 49 glasses with 
the SiO2 content ranging from 51.62 wt.% to 86.12 wt.% taken from [19, 20] were 
represented by the regression equation: 
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with the standard deviation of approximation sapr = 0.054 ml/mol. Experimental values of 
molar volume, Vm

exp, were calculated from the tabulated room temperature density, ρ, of 
glasses melted in platinum crucibles with the composition determined by wet chemical 
analysis by: 
 

ρ
)SiO()ONa()1( 22exp zMMzVm

+−
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The following regression estimates of molar volumes of individual Q- units were obtained: 
 
 Vm(Q2) = (47.37±0.07) ml/mol,  
Vm(Q3) = (36.49±0.02) ml/mol, and  
Vm(Q4) = (26.84±0.04) ml/mol. 
 
It is worth noting, that the Q-units distribution represents the SRO only. Going to the next 
neighbor the interconnectivity between various Q-units (MRO) is taken into account. These 
level of structure description is especially important for rationalization of the so-called mixed 
alkali effect, residing in the non-monotonous dependence of various physical and chemical 
glasses and melt properties on the degree of equimolar substitution of one alkaline (or alkaline 
earth) oxide by the other. 
 
16.4.2.  Other oxide  glasses  

When compared with the silicate glasses the structure of borate glasses is more 
complex namely due to the fact that both trigonal BO3 and tetrahedral BO4 polyhedra form the 
3D network. The pure B2O3 glass is formed from BO3 triangles (BO3/2) ordered in six-
membered boroxol rings. Due to the equilibria between the three- and four-coordinated boron, 
the compositional dependence of various physical properties of alkali-borate and alkaline 
earth-borate glasses is not monotonous. This fact is known as the boron anomaly. The 
structure of borosilicate glasses where the SiO4 Q-units are interconnected with the BO3 
triangles and BO4 tetrahedra is even more complex. 
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Fig. 3: Molar volume of Na2O – SiO2 glasses: points – experimental values, line – values 

calculated according the Eq.(29). 
 

 Similar complexity is found in I structure of aluminosilicate glasses. The crucial point 
determining the structure is the ratio between the molar amount of alkali and alkaline earth 
oxides and alumina, i.e. [n(R2O)+n(R’O)]/n(Al2O3)]. In the peraluminous region where this 
ratio is less than 1, the substantial amount of octahedral AlO6 units is found in the network. In 
the peralakaline region where sufficient amount of alkalis is present the tetrahedral [AlO4/2]-1 
units are formed by the reaction: 
 

−− →+ ]2[AlOOOAl 4/2
2

32      (31) 
 
The borosilicate an aluminosilicate glasses are presented here as an example illustrating the 
possible complexity of the SRO glass structure. Obviously the distribution of various types of 
coordination polyhedra cannot be obtained from the stoichiometry even at the crudest 
simplifying assumptions. Some results may be obtained by the purely statistical method 
assuming the purely stochastic formation of connection between various structural units. It is 
in some respect equivalent to maximizing the configurational entropy of the glass. However 
the decisive role of the enthalpy (roughly speaking the energy of various bonds) is completely 
neglected by such treatment.  
 
16. 5.  Thermodynamic models of glass 
 

The crucial point of each thermodynamic model is the definition of atomic groupings 
that will be considered as components of the system. This definition implies the structural 
range described by the particular model. On the SRO level the components of the system are 
defined as the particular coordination polyhedra (like Q-units). The system entropy can be 
then described by regular mixing of system components while the enthalpy can be calculated 
by summing the bond energies. The equilibrium composition of the system is then obtained 
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by the minimization of the Gibbs energy constrained by the stoichiometry of the system. Such 
type of models is critically reviewed in the works of Gurman and Conradt [8, 10, 21]. As an 
example of very simple thermodynamic model of silicate glasses the equations of 
simultaneous Q-units disproportionation can be presented (Eq.(28)). The model is represented 
by the values of the equilibrium constants, Kn, of reactions (28) – i.e. by the Gibbs energies of 
different Q-units.  
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where Δr,nGo is the standard reaction Gibbs energy of Qn-unit disproportionation, To – the 
standard temperature, a(Qn) – the activity of Qn  unit in the glass (melt) that is (supposing the 
standard state of pure substance at standard pressure and temperature) commonly 
approximated by the mole fraction x(Qn). The values of equilibrium constants are calculated 
from the Q-speciation that is commonly determined by the 29Si NMR and Raman 
spectroscopy [4, 5]. However, as far as the energetic and structure of the ionic bonds formed 
by NWM cations is not included in the model, the Kn values are dependent on the type of 
NWM cations.  

MRO structure is reflected in the thermodynamic models based on the (at least 
stoichiometric) definition of components as compounds. The computational complexity of the 
model depends on the number of components. In the model of Conradt [8, 10], the 
components are defined as having the stoichiometry of crystalline substances forming the 
CRS. The definition CRS implies that only the coexisting phases are taken into account. Thus 
the concentrations of all components are straightforwardly defined by the mass balance 
equations and can be obtained by solving a set of linear equations. As an example we can 
once again present the molar volume of Na2O – SiO2 glass at room temperature. According 
the equilibrium phase diagram the CRS consists  – depending on the glass composition – of 
eutectic mixtures of: SiO2 ↔ 3Na2O·8SiO2; 3Na2O·8SiO2↔ Na2O·2SiO2; Na2O·2SiO2↔ 
Na2O·SiO2; Na2O·SiO2↔ 3Na2O·2SiO2; 3Na2O·2SiO2↔ 2Na2O·SiO2; 2Na2O·SiO2↔ Na2O. 
Taking one mole of (1-z)Na2O·zSiO2 glass and supposing it is formed by the mixture of 
iNa2O·jSiO2 ↔ kNa2O·lSiO2 we can calculate the molar amount, n, of both compounds from: 
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As an example of application of the Conradt’s thermodynamic model the compositional 
dependence molar volume of binary Na2O – SiO2 glasses at room temperature is presented in 
Fig. 4. The same experimental data of 49 glasses with the SiO2 content ranging from 51.62 
wt.% to 86.12 wt.% taken from [19, 20] were represented by the regression equation: 
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The regression estimates Vm(SiO2) = (27.17±0.03) ml/mol; 

Vm(3Na2O 8SiO2) = (271.50±0.08) ml/mol; Vm(Na2O 2SiO2) = (73.12±0.02) ml/mol; and 
Vm(Na2O SiO2) = (47.25±0.03) ml/mol describe the experimental data with the standard 
deviation of approximation sapr = 0.021 ml/mol. 
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It was shown by Conradt [22, 23] that the application of his computationally simple 
model could explain the dependence of chemical durability of glasses including those used for 
radioactive waste vitrification. The rate of the glass dissolution in aqueous corrosive media 
has been found correlated with the hydration change of the Gibbs energy calculated as the 
sum of the hydration energies of all components of the CRS. 

Shakhmatkin and Vedishcheva proposed the associated solutions thermodynamic 
model of glasses and glassforming melts [24-31] that could be considered as the extension of 
the Conrad’s model. This model considers glasses and melts as a solution formed from salt-
like products of interaction between the oxide components and the original (unreacted) 
oxides. These salt-like products (also called associates, groupings or species) have the same 
stoichiometry as the crystalline compounds, which exist in the equilibrium phase diagram of 
the system considered. The model does not use adjustable parameters,only the standard Gibbs 
energies of formation of crystalline compounds and the analytical composition of the system 
considered are used as input parameters. 
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Fig. 4: Molar volume of Na2O – SiO2 glasses: points – experimental values, line – values 
calculated according the Eq.(35). 
 
 Obviously, contrary to Conradt’s model [22, 23] the number of system components is 
greater than the number ox oxides. Thus the equilibrium composition cannot be obtained on 
the basis of mass balance equations. That is why the authors present a calculation of the 
equilibrium system composition based on the values of particular equilibrium constants that 
are obtained from the Gibbs formation energies by the standard thermodynamic way. More 
generally, the constrained minimization of the systems Gibbs energy constrained by the 
overall system composition has to be performed with respect to the molar amount of each 
system component to reach the equilibrium system composition [32]. The total Gibbs energy 
is expressed supposing the state of the ideal solution: 
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where N is the number of components, ni is the molar amount of i-th component, T is the 
system temperature (i.e. the glass transition temperature, Tg, for particular glass) and ΔfGm,i  is 
the molar Gibbs formation energy of pure i-th component at the pressure of the system and 
temperature T. The system components are ordered such way that Xi (i = 1, 2,… M < N) are 
pure oxides and Xi (i = M+1, M+2, … N) are compounds formed from oxides by reversible 
reactions 
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Let us suppose the system composition given by the molar amounts of pure unreacted 

oxides n0,i (i = 1, 2,… M). Then the mass balance constraints can be written in the form: 
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The molar Gibbs formation energies of the melts of pure components may be used in more 
advanced version of this model. However these thermodynamic data are relatively scarce that 
prevents routine application of the model to the study of multicomponent systems. On the 
other hand the errors caused by substituting the melt by the crystalline state are partially 
compensated when the reaction Gibbs energy, ΔrGm,i is calculated according: 
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where Ki is the equilibrium constant of the i-th equilibrium reaction described by the Eq.(37). 

Recently, the thermodynamic model of Shakhmatkin and Vedishcheva and ab initio 
molecular dynamics were used for the structural study of nonsilicate binary calcium aluminate 
glass xCaO·(1 - x)Al2O3, where x = 1/3 (abbreviated as CA2) 1/2 (CA), and 2/3 (C2A) [33]. 
Both methods provided mutually comparable quantitative results in a reasonable agreement 
with the accessible experimental data and previous results of classical MD simulation. The 
obtained compositional trends were in agreement with the concept of the increase of Al/O 
coordination number (accompanied with formation of Al-triclusters) with the decreasing CaO 
content in the per-aluminous region. 

When the crystalline state data are used the model can be simply applied to most 
multicomponent glasses including the nonoxide once. Especially the application of the model 
to the multicomponent industrially produced glasses can be very important. Taking into 
account that the common praxis resides in expressing most of the multicomponent glass 
properties in the form of (mostly) additive functions of the glass composition expressed in 
percents (even weight and not molar!) of pure oxides [34, 35, 36] using the thermodynamic 
model unambiguously represents the significant progress. 

The contemporary databases of thermodynamic properties (like the FACT computer 
database [11]) enable the routine construction of the Shakhmatkin and Vedishcheva model 
[31] for most of important multicomponent systems. It is worth noting that other methods of 
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thermodynamic modeling of glasses and glassforming melts (not discussed here, e.g. [5, 37, 
38]) do not posses the possibility of routine application to multicomponent systems. 
 
16. 6.  Quantitative Raman spectroscopy and Thermodynamic modeling 
 

Raman spectroscopy is commonly used for study of the glass structure allowing the 
SRO and MRO structural units present to be inferred [4, 5, 39, 40, 41]. As a typical example 
the Qn distribution in silicate glasses can be mentioned. The Raman spectra are after the 
background subtraction and thermal correction [40] deconvoluted typically to Gaussian peaks 
assigned to various structural groupings. From the corresponding peak areas the relative 
abundance of particular structural units is obtained using the NMR calibration. Sometimes 
[Parkinson] the direct proportionality between the ratio of peak areas and molar amounts of 
various structural groupings is assumed. Relating purely formally the Raman spectroscopy to 
the absorption optical spectroscopy the non-validity of the Lambert-Beer’s law is the main 
mathematical difference between both methods. 

Recently Zakaznova and Malfait [42, 43] proposed a new method of numerical 
treatment of Raman spectra. The basic assumption of this approach is that the Raman spectra 
are a sum of partial Raman spectra (generated by individual species) multiplied by the 
abundance of the species. Thus a set o Raman spectra obtained for series of glasses with 
different composition spans a linear vector space with the dimensionality given by the number 
of independent species (i.e. species that independently vary their abundance) with different 
PRS. Each spectrum is recorded with an arbitrary scaling, i.e. it is known with the exception 
of an multiplication factors. Principal component analysis (PCA, [44-47]) is then used to find 
the number of independent components. Following statistical treatment based on proper 
thermodynamic model results in finding the unknown equilibrium constants. The method of 
linear programming was used for solving the problem. Zakaznova and Malfait use the 
proposed method for analysis of the binary K2O-SiO2 glassforming melts with the aim to 
estimate the temperature dependence of the disproportionation constant K3 (see Eqs.(28, 32)). 
The resulting values of K3 and reaction enthalpy were in perfect agreement with independent 
results obtained by 29Si NMR spectroscopy. 

The approach of Zakaznova and Malfait [42,44] can be mathematically formulated as: 
 

ECAP =       (40) 
 
where the matrix formalism is used where A(Nw/Ns) is the matrix of Raman spectra with Nw 
rows corresponding to Nw wavenumbers and Ns columns corresponding to Ns samples/spectra, 
P(Ns/Ns) is the square diagonal matrix with the unknown coefficients each multiplying one 
particular Raman spectrum, E(Nw/Nc) is the matrix of PRS stored columnwise (Nc equals to 
the number of independent components), and C(Nc/ Ns) is the matrix with abundances of Nc 
individual components in Nc samples. Replacing the product AP with another matrix Acorr we 
obtain the equation formally equivalent to the Lambert-Beer’s equation of optical absorption 
spectra – here Acorr is the absorbance matrix, E – the matrix of molar absorption coefficients 
and C the concentration matrix. 

Let us suppose that the C matrix is known from the solution of the thermodynamic 
model. Then the non-linear least squares problem can be formulated: 
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Without loss of generality we can set P1,1 = 1. Then the unknown Pi,i multiplication factors are 
obtained together with the unknown E matrix of PRS by solving the set of (Ns-1+NwNc) linear 
equations obtained from: 

s,...3,2,0 Nl
P
F

l

==
∂
∂     (42) 

 

cw
,

,...2,1;,...3,2,0 NmNl
E
F

ml

===
∂
∂   (43) 

 
Minimizing the Fmin value with respect to some parameters of the thermodynamic model this 
method can be used for finding some values of missing thermodynamic data. 
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Fig. 5: Results of thermodynamic model of the xAs2S3·(1 - x)As2Se3 system. 

 
 

358



100 200 300 400 500
0

1

2

3

4

600

PR
S 

/ a
.u

.

Wavenumber / cm-1

 As2Se3

 As2S2+ Se 
 As2S3

 
Fig. 6: Partial Raman spectra of the As2S3 - As2Se3 glasses. 

 
In our recent paper [48] the structure of chalcogenide glasses of the pseudo-binary 

system As2S3 - As2Se3 was investigated by comparison of the results of the thermodynamic 
model of associated solutions with the results obtained by the above analysis of Raman 
spectra of xAs2S3·(1 - x)As2Se3 (x = 1; 3/4; 1/2; 2/3; 1/4; 0) glasses. The results of 
thermodynamic model are presented in Fig. 5. On the basis of experimental values of Tg 
published in [49] the following linear approximation of Tg dependence on the glass 
composition was obtained 

xKTg 087.2385,478 −=     (44) 
 
reproducing the experimental DTA with the standard deviation of approximation sapr = 1,6 K. 
For each glass composition plotted in the Fig. 4 the system temperature was set to the Tg value 
obtained from the Eq.(44). 

The PCA method identified three independent components in the studied spectral 
series. On the other hand, the thermodynamic modeling resulted in four components with 
significant abundance in the studied glasses, i.e. Se, As2S2, As2S3 and As2Se3. Finally, the 
correlation analysis proved the strong (correlation coefficient of 0.97) linear dependence 
between the concentrations of Se and As2S2. Thus the results of Raman spectra analysis were 
in harmony with the thermodynamic model. Solving the set of Eq.(42, 43) led to the set of 
PRS plotted in Fig. 6. 
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17.  NON-BRIDGING OXYGEN IN SILICA BIO-COMPATIBLE GLASS-
CERAMICS AND MAGNETIC PROPERTIES OF FE2O3 ADDED 

BORATE GLASSES 
 

Jaroslav Šesták, Nobuyoshi Koga, Zdeněk Strnad 
 
 
17. 1. Introduction to bridging and non-bridging oxygen 
 

Oxides of alkali and alkaline earth metals or other selected metal oxides (R2O and/or 
MO) are the modifiers of the polyanionic glass-forming network of glass-formers such as 
SiO2 or B2O3. In the molten state such polyanionic glass-forming network interact with free 
cations (e.g. Na+, Ca2+) and free oxygen anion O2- originated from the modifier added. When 
adding, for example, an alkali metal oxide to SiO2, each oxygen anion breaks one of Si−O−Si 
bonds resulting in the formation of two non-bridging oxygens, Si−O−, according to the 
general scheme: (Si−O−Si) + O2− ⇄ 2(Si−O−). According to the primary reports by, Toop 
and Samis [1,2], Masson [3], and Fincham and Richardson [4], its equilibrium can be written 
in shorthand as  

O° + O2- ⇄ 2O-        (1) 
 
where the notation of O°, O2- and 2O- are bridging oxygen (BO), free oxygen (FO) and non-
bridging oxygen (NBO) which complexity, however, might be associated with a range of 
different cations [5]. Depending on the total composition of the system, the oxygen atoms 
may play various roles in the silicate melts, acting as FO anions O2- they are bound by two 
ionic bonds to the present alkali or earth alkali cations. In the role of NBO, they are bound by 
one covalent bond to the central atom of the SiO4 tetrahedron and by one ionic bond to the 
present alkali or earth alkali metal cation. And finally, as BO atoms −O− they are binding two 
neighboring SiO4 tetrahedrons by Si−O−Si covalent bonds. From the above it follows that 
with respect to their bonding nature, oxygen atoms are not equivalent, and their chemical 
potentials are not equal. This also indicates that even the thermal conductivities [6] of molten 
silicates are affected by the ionic character of chemical bonds between cations of basic oxides 
and the state of NBO ions.  

The glass network is subsequently formed by mutually interconnected glass-forming 
units [7-11] such as SiO4 tetrahedral netting and consequently related to the ratio between the 
molar amounts of oxygen and silicon atoms, R = n(O)/n(Si). The structure can then be more 
or less characterized by the amalgamation of so-called Q units derived long ago [9-11] on 
bases of the above ratio, namely from Q0 to Q4 following: Q0 = SiO4

4- , Q1 = Si2O7
6- , Q2 = 

SiO3
2- , Q3 = Si2O5

2- and Q4 being SiO2. A series of equations can be written to describe the 
equilibriums in the bulk melt/glass within the compositional from ortho- to tecto-silicates 
[9,10] such as  

2SiO4
4- ⇄ Si2O7

6 + O2- and/or 6SiO3
2- ⇄ 2Si2O5

2- + 2SiO4
4-  

in other words we may note that Q1 ⇄ 2Q2 + 2Q4.  
 It was suggested that for a given bulk melt polymerization (NBO/Si), the relative 
abundances of the individual units are systematic functions of the type of the modifying metal 
cation [7,10]. Characterization of abounding makeup and better understanding of the relations 
between the structure and properties of various silicate based melts and glasses has been the 
subject of recent studies [12-16] and is dealt with in separate chapter 16. Recently, the 
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structural characteristics of many important glasses and melts (including silicates, borates, 
aluminosilicates, halides and chalcogenide) are drawn in supplementary details (using the 
results of recent spectroscopy and scattering experiments) by Greaves and Sen [16]. 

In alkali aluminosilicate glasses, the trivalent aluminum cation does not always act as 
a network former. The structural configuration depends upon the (r=Al2O3/R2O) ratio. 
Apparently, if the ratio (r) is greater than one the Al3+ goes into the network having a 
tetrahedral coordination. Like (BO4) group, the excess of unit negative charge on (AlO4) 
group is satisfied by alkali ion in the neighborhood. Thus, the further addition of an aluminum 
ion to a silicate glass removes one NBO. At the ratio equal one there is no NBO in the 
structure. For the further additions of Al3+, when the ratio r becomes greater than one, the Al3+ 
cations enters the network as a modifier in the tetrahedral coordination and the formation of 
(AlSiO6) groups turn out to be unlikely due to the packing difficulties. Presumably three of 
the oxygen is then non-bridging and three remaining (already) bridging, which favors the 
formation of triclusters, where an oxygen is shared between three tetrahedrons (one AlO4 and 
two SiO4 or vice versa). The first type of tricluster is electrically neutral while the second 
requires an associated alkali cation. In principle, the triclusters appear equivalent to an Al3+ 
cation in the form of a modifying ion and is bonded to three NBO. 

In other melts of the ternary system, such as CaO-TiO2-SiO2, silica oxide acts always 
as the network-forming oxide while calcium oxide takes always action as the modifier of the 
poly-anionic network [17]. The role of TiO2 can be twofold acting either as a modifier or as a 
complementary associate undertaking thus the function of the network-forming oxide. 
Depending on the behavior of TiO2 in the melt the structure and thus also the activities of the 
present components of the melt change revealing variously possessed NBO. The structural 
role of Ti4+ in titanium silicate melts is thus a complex function of several variables, namely 
TiO2 and SiO2 concentration, type and content of modifying cations as well as temperature. 
 
17. 2.  Some volume considerations about of ionic sites in silicate glasses 
 
 Various physico-chemical properties of silicate glasses can be correlated with the 
concentration of certainly modeled structural units. Properties, such as molar volume, 
refractive index, molar refraction, thermal expansion and even some magnetic properties can 
then be practically described by additive relations. In these relations a specific factor can be 
used for each structural unit. The factor depends on the type of property under consideration. 
The obtained factors could successfully be used to calculate the magnitude of those physical 
properties in binary alkali (or alkaline earth) silicate glasses and in other multi-component 
glasses. Molar volume data of alkali and alkaline earth silicate glasses have been recently 
used to calculate the free volume associated with the BO and NBO and modifier ions [18]. 
The volumes of voids in the structure are of special importance for the transport properties. 
The mobility of movable ions is affected to a great extent by the openness (nature) of the glass 
matrix. Such an “open matrix”, exhibiting higher concentration of NBO ions, is characterized, 
e.g., by higher electric conductivity than a closed one. Different spectroscopic studies 
indicated that up to about 33 mol% of alkali oxide (R2O) so called Q3 units are formed at the 
expense of Q4 unit where Q3 units are SiO4 tetrahedra having one NBO ion per tetrahedron, 
whereas Q4 units are SiO4 tetrahedra without NBOs. For more than 33 mol% of R2O about 50 
mol% of Q3 units converts into Q2 units the latter representing SiO4 tetrahedra with two 
NBOs for each tetrahedra. Results of Raman spectroscopy revealed that the conversion 
process continues along with the increasing R2O content, from Q2 to Q1 (for > 50 mol% R2O) 
and finally from Q1 to Q0 (for > 60 mol% R2O) where Q1 and Q0 refer to SiO4 tetrahedra 
having, respectively, with the three and four NBOs per each Si4+ cation. In the light of these 
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findings some relations could be estimated as to describe the concentration of structural units 
as a function of modifier oxide concentration in binary alkali or alkaline earth silicate glasses.  

The relations were modified to calculate the concentration of structural units in mixed 
alkali silicate glasses on basis of the molar volume (Vm) of a glass, which can be given in the 
form of an additive relation, such as Vm =NuVu, where Nu is the number of the structural unit 
(u) per mole of glass and Vu is its volume [18]. On the source of the structural unit 
distribution in alkali silicate glasses, the volumes that the constituting ions occupy in the 
matrix (VSi, Vφ, VR and VO) and the volumes of individual structural units can be given as 
follows: 

V4 = VSi + 2Vφ, V3 = VSi + 1.5Vφ + (VO + VR), V2 = VSi + Vφ + 2(VO + VR),      
V1 = VSi + 0.5Vφ + 3(VO + VR) and thus V0 = VSi + 4(VO + VR).  
 
Here VSi, Vφ, VO and VR are, respectively, the volumes occupied by Si4+, BO (φ), 

NBO (O) and alkali ion (R). The volume occupied by an ion is the volume of ion itself and 
its associated space (its free volume) in the matrix. These relations can be used to calculate Vφ 
and VO. Thus on the basis of above equations we may write Vm =Ni Vi with Ni being the 
number of the ion (i ) per mole of glass and Vi is the volume occupied by that ion in the given 
glass. The last above relation can be reformed to Vm = NSiVSi + NφVφ + NOVO + NRVR, 
where NSi, Nφ , NO and NR are, respectively, the number of Si4+, BO, NBO and alkali ions 
per mole of glass. The radius of Si4+ ion in oxides is ~0.26×10−8 [cm] whereas that of O2− ion 
in silicate units is 1.2×10−8 [cm]. Thus the volume of Si4+ ions in vitreous SiO2 and then in 
any modified silicate glass is ~0.5% of the volume of O2− ions. Therefore, for the first 
approximation, the first term can be neglected with respect to the other terms Vm ≈ NφVφ + 
NOVO + NRVR and further accepting that NO = NR, we obtain Vm ≈ NφVφ + NO(VO + VR). 
A NBO ion is always bound to an alkali ion (or a half alkaline earth ion) and therefore the 
term between the brackets can be looked as an undividable quantity that can be assigned by 
VB, namely VB = VO + VR.. It follows that Vm = NφVφ + NOVB which equation can be 
solved simultaneously for two values of Vm close to each other to get Vφ and VB. 

As the modifier oxide content increases the total contribution of BO ions (NφVφ) 
decreases, whereas that of the NBO bindings (NOVB) increases. The decrease in (NφVφ) is 
related to the decrease in the SiO2 content. Up to 33 mol% of the modifier oxide, the values of 
(NφVφ) are mostly the same for all types of modifier ions. This behavior reveals that Vφ is not 
affected by the type of modifier ion up to one NBO ion per SiO4 tetrahedron. Above this 
concentration (NφVφ) varies slightly with the type of modifier oxide. On the other hand, 
(NOVB) increases when increasing the modifier oxide content. There is a marked difference 
between the values from one type of modifier to another showing that Vm of a glass decreases 
with increasing modifier oxide concentration for |d(NφVφ)/dC| > d(NOVB)/dC and vice versa. 
The increase in (NOVB) for a certain modifier concentration, such as Li2O–SiO2 up to Cs2O–
SiO2 reveals that the volume VB becomes greater with lowering the field strength of the 
modifier.  

The multiparty of the field strength is expressed as q/r2, where q is the charge of 
modifier ion and r is its radius, which provide a linear increase of VB in all cases and any of 
these relations can be roughly expressed as VB = s(r2/q) + 13.737×10−24 [cm3], It follows that 
VO has a constant value and that the increase in VB with increasing VR is related to the size of 
the alkali ion. A greater alkali ion size means lower field strength and weaker bond with the 
NBO and this leads to a greater VB value. With reference to the size of the O2− ion in silicate 
units (~7.24×10−24 [cm3]) it can be said that on average each NBO is associated with a space 
of ~6.50×10−24 [cm3]. By neglecting the volume of Si4+ ion it can be concluded that, in this 
region, the average associated space is 15.39×10−24 [cm3] per each BO ion.  
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It was concluded [18] that the free volume associated with the BO is almost constant 
(15.39×10−24 [cm3]) for all modifier ions below 33.3 mol% of addend oxide. In the case of 
alkali or alkaline earth silicate glasses it decreases with the increasing number of NBO ions 
per a structural unit and/or radius of the modifier ion. In all cases the NBO ion is associated 
with a constant free volume and the modifier ions are associated with a free volume that 
increases with increasing number of NBO ions per a structural unit and/or radius of the 
modifier ion. The above model explores the change in the free volume due to changing the 
concentration of alkali oxides in mixed alkali silicate glasses where the free volume is always 
related to a certain type of alkali oxide and intensifies with its increasing content. 

It is also in agreement with ref. [19], which showed that the partitioning of NBO in 
silicate melts is not identical as the segregation of Ca, Mn, Mg, and Fe divalent cations 
between solid (olivine) and melt revealed an effectual consequence of energetically 
nonequivalence of NBO regarding its presence in the main structural units of Q4, Q3, and Q2 
type. For melts with high Q3/Q2-abundance ratio the increasing ratios of Na/(Na+Ca) and/or 
Na/(Na+Ca+Mn+Mg+Fe) result in a systematic decrease of the partition coefficients because 
of ordering of the network-modifying Ca, Mn, Mg, and Fe among NBO in Q3 and Q2 
structural units. This decrease is more pronounced at the smaller value of ionic radius of the 
cation. With decreasing Q3/Q2 abundance ratio (e.g., less-polymerized melts) this effect 
becomes less pronounced. Activity vs. composition relations among network-modifying 
cations in silicate melts are, therefore, governed by availability of energetically nonequivalent 
NBO in individual Qn-species in the melt. As a result, any composition change that enhances 
abundance of highly depolymerized Qn-species will cause partition coefficients to decrease.  

This concept of NBO was applied for various cases and treated under different theories 
[2,20,21] such as the determination of oxygen states in iron-rich borate glasses [22] (see next 
paragraph). In the forthcoming text we would like to present two examples of analysis 
regarding the material properties and the role of NBO with respect to the behaviors of matrix 
glasses. 
 
17. 3.  Simple calculation concept for non-bridging oxygen in silica bio-glasses 
 

As for the soda-lime-silica glass system, the correlation between the structural 
parameters characterized by the anionic constitution and the bioactivity has been investigated 
by Strnad et. al. [23-26]. As a simple way for describing the glass composition, Steevel’s 
parameters [21], X and Y, which indicate the mean number of NBO and BO ions per 
polyhedron in the glass lattice, respectively, were employed. The Steevel’s parameters can be 
calculated from the molar composition of glass assuming the following equations, X = 2R − Z 
and Y = 2Z − 2R where Z and R denote the mean number of all types of oxygen per 
polyhedron and the ratio of the total number of oxygens to the total number of glass-forming 
cations in glass, respectively. As for the soda-lime-silica system, the pure silica glass SiO2, 
pseudo-binary Na2O-2SiO2 glass and pseudo-ternary CaO-Na2O-2SiO2 glass are 
characterized by (X, Y)=(0, 4), (1, 3), and (2, 2), respectively. With X>2 and Y<2, the 
concentration of FO ions is appreciably large and the glasses in this compositional region are 
commonly called as “invert glasses” [27].  

For Na2O-CaO-SiO2-P2O5 and CaO-MgO-SiO2-P2O5 bioactive glass-ceramic systems, 
the parameter Y was correlated to the bioactivity evaluated by in vitro test of mutual bounding 
after soaking in simulated body fluids (SBF) and also by in vivo test of implantation in dog 
tibia [23]. It has been concluded that Y≈2 in the residual glass phase of the glass-ceramics is 
the preferable condition for the higher bioactivity, whereas Y>3 inhibits the bioactivity. 
Turing focus on the structural parameter X related to NBO [25,26], the correlation of the X 
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value to the bioactivity in the Na2O-CaO-SiO2-P2O5 system was examined by comparing with 
the bioactivity index, IB, introduced empirically by Hench [28]. A linear correlation between 
X and IB with positive slope was found in 1.5<X≤2, whereas IB=0 for X<1.5. Accordingly, 
with respect to the constitutions of BO and NBO expressed by the Steevel’s parameters X and 
Y, the bioactive compositional region can be suggested as 1.5<X≤2 and 2≤Y<2.5. 

By assuming that the silicate ions are presented as linear and branched chains of 
general formula [SixO 3x+1] (2x+2)-, the compositional dependences of relative proportion of 
NBO in binary Na2O-SiO2 and CaO-SiO2 glass forming melts were also calculated [25,26]. 
According to Masson [3,20,29], it was assumed that silicate ions are in an equilibrium state of 
poly-condensation reactions expressed generally as following: 
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where the equilibrium constant kxy of eq.(2) is approximated using that for the lowest k-
members k11, i.e., x=1 and y=1. In view of the constitutions of BO, NBO and FO ions, eq.(2) 
is apparently expressed by the inverse reaction of eq.(1). 
 The activity a of the modifier oxide in the CaO-SiO2 and Na2O-SiO2 binary melts can 
be related to the mole fraction of SiO2, X, by the equation: 
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where a is calculated by the Temkin´s equation [30] as is equivalent to the ion fraction of FO 
ion, NFO. In addition, the ion fraction Nx of [SixO 3x+1] (2x+2)- with different x is correlated to a 
as follows. 
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The fraction of NBO, NNBO, can be evaluated by summing up Nx with different x at the 
restricted X: NNBO=∑Nx. At the same time, the fraction of BO, NBO, is obtained by: NBO=1 − 
NFO − NNBO. 
 Figure 1 below shows the composition-dependant change in the relative proportions of 
NBO, FO, and BO in the CaO-SiO2 and Na2O-SiO2 binary melts, where the literature values 
of k11=1.6×10-3 and =8×10-8 [30] were adopted for the respective calculations. By the 
combination of the compositional dependence of relative proportions of NBO in the two 
binary melts based on the pseudo-ternary assumption [31], the compositional dependence of 
the proportion of NBO in the CaO-Na2O-SiO2 was simulated. Figure 2 shows the iso-
proportional plot for NBO in CaO-Na2O-SiO2 ternary melts. The bioactivity of the P2O5-free 
CaO-Na2O-SiO2 glasses has been investigated by Kim et al. [32] through soaking the glasses 
with various compositions in SBF. By comparing the reported results with the calculated 
proportions of NBO, it was found [25] that the bioactive glass compositions are exclusively 
corresponding to the region of high relative proportion of NBO in the side of SiO2 rich 
composition. The calculated compositional dependence of relative proportion of NBO was 
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also compared with that of Hench’s bioactivity Index, IB, for CaO-NaO2-SiO2 with 6 mass%-
P2O5 glasses [28,33].    

 
Fig. 1. Calculated constitutions of NBO, FO, and BO in the CaO-SiO2 (a) and Na2O-SiO2 (b) binary 
melts. 
    
 

 
 
Fig. 2.  Calculated iso-proportional plot for NBO in the CaO-Na2O-SiO2 ternary melts, together 
with the results of bioactive test for the glass with 6 mass% P2O5 reported by Strnad and Koga [23] 
(composition is presented in the mass fraction). 
 

It was pointed out that the remarkable high bioactivity IB>8 can be found again in the 
region of the higher relative proportion of NBO ions >0.8 in the side of SiO2-rich composition 
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[26]. In

y on the relative proportion of NBO in the CaO-Na2O-SiO2 glass and 
glass-c

s-ceramic materials 

an-made material 
ould bond to living tissues in view of the deep-rooted experience that it would result in a 

lication fields, especially for anchoring the implant in a host 
tissue, 

 Fig. 2, the results of in vitro and in vivo tests of the bioactivity for the four selected 
compositions of CaO-NaO2-SiO2 with 6 mass%-P2O5 glass-ceramics reported by Strand [23] 
was indicated. The glasses with compositions C and D which indicate the appreciable high 
bioactivities position in the region of relative proportion of NBO>0.8 as was expected from 
the comparison with IB. 

In conclusion, the bioactivity of the glass characterized by the bone-like apatite 
formation depends largel

eramics irrespective of P2O5 addition, indicating a close connection between the 
structural property of the glass characterized by the activity of oxygen ions and the surface 
chemical processes of bone-like apatite formation.  
 
17. 4.  Property and application of bio-active glas
 
 Merely four decades ago it was considered inconceivable that a m
c
foreign body reaction and the formation of non-adherent scar tissue at the interface with 
inserted material. This understanding was irreversibly altered when a special composition of 
soda-lime-phosphate-silica glass was synthesized by Hench [33] and successfully implanted 
in the femurs of rats. About 6 mass% of P2O5 was added to simulate the Ca/P constituents of 
hydroxyapatite, Ca10(PO4)6(OH)2, that is the inorganic mineral phase naturally existing in 
bones. Therefore the bone-like apatite formation on the surface of implant is of a key 
importance during the physical and chemical processes leading to the formation of an enough 
firm connection between the implanted material and the newly formed bone tissue [23,24,35-
37]. Its comprehension bears all general aspects of compositional and nucleation-growth 
phenomena widely discussed for oxide glasses. The bioactivity leads to both the 
osteoconduction and osteoproduction as a consequence of rapid reaction on the bioactive 
glass surface. The surface reactions [38] involve ionic dissolution of calcium and sodium ions, 
phosphates and hydrated silica that give rise to both the intercellular and extra-cellural 
responses at the interfaces of the glass with its physiological environment. The smartness of 
such a mimetic process is likely hidden in the activity of oxygen characterized by the action 
of silanole groups (Si-OH). They likely serve as the nucleation sites for the bio-compatible 
interface formation capable to coexist between the original tissue and the implants which can 
be expediently made from glass, glass-ceramics, ceramics, cements and other composites as 
well as from certainly treated metals (etched titanium) respecting the set-in condition of its 
suitable surface reactivity.  

The uniqueness of such surface-activated materials is their high bioactivity, which 
opens qualitatively new app

with practical use in orthopedics, stomatology, neurosurgery, oncology, craniofacial 
surgery and possibly other fields. We are proud to mention that we have taken part in the 
research progress of bioactive materials since early eighties [39-43] currently aimed to the 
surface properties and bio-incorporation of metallic titanium with differently treated surface 
[35-37] as introduced by early studies of Branemark et all [44]. This activity matured in 
actual appliance in clinical implantology under the trademark IMPLADENT (a system for 
oral implantology produced by LASAK, Co. Ltd) invented by Strnad and  BAS-O, BAS-
HA, BAS-R – bioactive bone tissue substitutes, see following chapter 25. The bone-bonding 
ability of BAS-O is based on inorganic, polycrystalline material prepared by controlled 
crystallization of glass, whose main components are CaO, P2O5, SiO2 and MgO. During the 
crystallization process, the glassy material is converted to a glass-ceramic material whose 
main crystalline phases are apatite and wollastonite. BAS-O granules and ground material are 
used to fill cysts, defects left by injuries, defects left by excochleation of benign tumors, and 
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can be of help to reconstruct extensive acetabular defects. Compact, wedgeshaped blocks 
(with various heights and surfaces) became useful for, e.g., condyl elevation. Individually 
shaped implants can be used in neurosurgery to cover defects left from cranial trepanation and 
as onlays in plastic surgery. Another case of biomaterial BAS-HA (hydroxyapatite) is 
synthesized from aqueous solutions under precisely defined pH, temperature and other 
physical parameters, which ensure reproducible preparation of a highly pure, 
crystallographically defined product, which does not contain any unwanted calcium 
phosphates. Its structure and composition are similar to bio-apatite, which is the main 
inorganic component of living bone tissue. Implants form a strong bond between the bone 
tissue and the implant material without any intermediate fibrous layer, Fig. 3. Final product is 
the BAS-R, which is the surface bioactive, resorbable, inorganic, crystalline material based on 
tricalcium phosphate. 

 
Fig. 3. Left: already 

implanted titanium surface 
 

 

treated

 
 

ioactivity has since attracted increased attention being aimed to further molecular 
manipulation (doping surfactants, micro-additives of various organic molecules such as 
protein

t 

implants with micro 
photo of the interface 
between the implant and 
bond, right: original implant 
manufactured to fit the given 
need (length, diameter, crew, 
etc.). 

 

B

s, glyco-proteins and polysaccharides, useful in easier mine-realization) which 
intelligent response by host organism is evaluated in order to achieve well-tailored implants. 
Bio-glass-ceramics that activate genes offer the possibilities of repairing, or perhaps even 
preventing, many disease states, such as osteoporosis, in which a large fraction of women lose 
a substantial amount of bone mass as they age. They can be also used as a second phase in a 
composite that mimics the structure and properties of bone. In future the implication of glass 
activation of genes it may be possible to design therapeutic treatments or food additives that 
will inhibit the deterioration of connective tissues with age. Further understanding bioactivity 
may even help in better perception of the creation of life. It shows a great variability in the 
application of different glasses and amorphous materials in many fields of human activities. 
 Most recent research shows that the integration of biomaterials implicates a series of 
cellular and extra cellular matrix events, some of which take place at the tissue-implan
interface and which also reflect the host response to the bulk and surface characteristics of the 
implanted material. As a part of this process, the most frequently implanted material, such as 
titanium, glass-ceramics, calcium phosphates, and cellular culture substrates, become coated 
with a layer of electron-dense material, which has been referred to us as ‘lamina limitants’ or 
‘cement lines’ customarily consisting of calcium phosphate crystals with incorporated bone-
matrix proteins (e.g. bone sialoprotein, osteocalcin, osteopontin) that are naturally circulating 
in the blood stream (in a very low concentrations only). It was found that there are several 
potential sources for such proteins, which use to accumulate at the reaction interface. It was 
also proposed that osteoclasts express and secrete some non-collagenous bone-matrix proteins 
onto bone surface. The differential deposition of matrix constituents by osteoblasts at the 
beginning and end of the bone deposition cycle is now believed to be the major source of 
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interfacial proteins at natural bone and bone-implant interfaces. It is in line of general 
understanding of life-based building of firm and well-structured inorganic constructions 
(various shells, etc.) where obviously the morphology and composition play a decisive role. 
 Earlier studies revealed the concept behind micro porous bioceramic materials, which 
is the intergrowth of tissue into pores on the surface or throughout the implant. This is often 

rmed

ca-specialized composition. First, there is a rapid release of soluble ionic 
ecies

 formation and time of crystallization to hydroxyl-carbonate apatite and the 
selectiv

compatibility and possibility to adjust their biocompatibility on 

te  ‘biological fixation’ which is capable of withstanding more-complex stress states than 
implants that achieve only mechanical attachment, i.e., ‘morphological fixation’. The 
limitation associated with porous implants is the pores size, optimally as large as 100-150 μm, 
which can only assure that the implant remains viable and healthy. The large interfacial area 
required for such porosity is due to the need to provide a blood supply to the ingrown 
connective issue. Vascular tissue does not appear in pores that measure below 100 μm and 
without sufficient blood supply the tissue expires or inflammation ensues which practically 
destroys interfacial stability and implant sufficient in-fixation. However the fraction of larger 
porosity, required for successful bone growth in any materials, degrades the strength of the 
material applied. Consequently, this approach to solving interfacial stability is best when the 
material is used as porous courting on surgical metal alloys or as unloaded fillers for bone 
ingrowths.    
 Very important is good understanding of reactions that occur at the surface of glassy 
implants of sili
sp  and the formation of a high surface area of hydrated silica and polycrystalline 
hydroxyl-carbonate apatite bi-layer. It was experimentally observed that the alkali-hydrogen 
ion exchange and the network dissolution rapidly reduce the amount of the Si-O-Si and Si-O-
Ca modes and replace them with Si-OH bonds with NBO [23-26]. Single NBO modes are 
then gradually replaced by more spherical OH-Si-OH. As early as within several minutes a P-
O bending vibration, associated with formation of an amorphous calcium phosphate layer, 
appears due to the straightforward precipitation from the solution of body liquid. The reaction 
layers enhances adsorption and desorption of growth factors and influence the length of time 
macrophages that are required to prepare the implant sites for the tissue repair. It was shown 
that a Ca- and P- rich layer is also formed on various surfaces that are deficient of these 
cations. It happens when the surface is exposed to solutions containing these actions (e.g., 
body or simulated body liquids). The behavior of some additives was also investigated 
showing, for example, that when F-ions are presented they also get incorporated in 
hydroxyapatite crystals distorting, however, crystal structure by formation fluorapatite and the 
addition of multivalent ions delays bonding so that even their small amounts may reduce 
bioactivity.  

The index of bioactivity, IB, for an active implant depends on both the rate of calcium 
phosphate film

e absorption on the growing hydroxyapatite layer of extra-cellural proteins that control 
cellular attachment, differentiation and growth. The defect structure of the growing 
hydroxyapatite crystals is likely to be responsible for the preferential adsorption of the growth 
factors. Metastable hydrated silica species, such as penta-coordinated silicon ions, Si(OH)5

-, 
which is present during the silanol-condensation reaction, may be associated with the 
enhanced progress of crystallization on surfaces providing, in the same time, specific bonding 
sites for biological moieties.  
 Today’s bioceramics are used in a broad field of devices inside the human body. This 
is mainly due to their good bio
basis of prefixed glass composition optimized upon the calculation of NBOs in the glass 
lattice when taking up the assumingly polymeric character of the common matrix silicate 
glass. Among the ceramic materials used for bone replacement, bioactive glass-ceramics 
appears, therefore, particularly promising because of their ability to form the reactive but 
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stable interfaces with living host tissue. However, the major problem of these materials, which 
inhibits their application on several types of implants, is their poor match of mechanical 
behavior of the implant with the tissue to be replaced. Principally, the coating, composites, 
porous structured materials and/or new resorbable materials are promising ways for the next 
development where thermochemistry and thermodynamics would have their incommutable 
position. However, no one has currently succeeded to find a material, which would fully 
corresponds to bone or other living parts of the body. It is the task of a growing number of 
researchers and institutions working in the field of both the organic and inorganic bioactive 
composites to achieve a further improvement of material performance. We also should not 
forget that the nature is still the better engineer than we do. 
 
17. 5. Borate glasses containing Fe2O3 and their structural and magnetic properties 
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Borate glasses are technologically important for microelectronic devices, sto

batte
 the last several decades numerous compositions of alkali borate glasses were studied 

showing the glasses structure with composition (B2O3)12-x(R2O)x where (R= Na, Li, Rb, K), 
which is known to consist of a B–O network, built up from planar three coordinated and 
tetrahedral four coordinated boron atoms. Pure B2O3 contains only three coordinated boron 
atoms, but if alkali oxide is added some of these units are transformed into four coordinated 
tetrahedra. Adjacent BO3 and BO4 groups are linked by bridging oxygen atoms, building the 
glassy network. At higher alkali oxide concentration (greater than 20 mol %), the formation of 
non-bridging oxygen (NBO) is suggested and the number of NBO is considered to increase 
with alkali oxide concentration. Several investigations were carried out on ternary borate 
glasses. These are concerned with the structural aspects of these materials. According to some 
researchers pure B2O3 consists mainly of a B3O6 boroxol rings which glass network is almost 
completely made up of randomly connected boroxol web. With the increase of alkali oxide 
content, the boroxol rings in the glasses are transformed into rings incorporating one or more 
four coordinated boron atoms. The existence of boroxol ring structures was indicated by 
strong and highly polarized peaks in the Raman spectra; however, some doubts have already 
been expressed against the existence of these boroxol rings in the borate glass network. By the 
process of molecular dynamics simulations can be suggest showing a glass structure 
consisting of randomly connected planar BO3 triangles with no six fold ring structure. In such 
a continuous random network (CRN) model [10,13], the presence of a strong highly polarized 
Raman peak is attributed to a localized symmetric breathing mode of the three oxygen atoms 
with each BO3 triangle.  

The presence of magnetic cations such as Mn3+/Mn2+ or Fe3+/Fe2+ in glasses involves 
their interactions with sur

potential [11-13]) of iron oxides as a particular additive in silicate melts [47-51]. It is 
widely believed that a similar behavior can be expected in the other glass-forming mixtures. 
The details of these interactions depend on the type of oxygen polyhedral around ferric and/or 
ferrous cations. If, for example, Fe3+ is considered in tetrahedral (VI) coordination 
(Fe3+(IV)/O2-

2
 ) and Fe2+ is in octahedral (VI), we can compose  a following relation  

(Fe3+(IV)/O2-
2

 )  ⇔  4Fe2+  + O2 + (2O2-
2

 ) [7,50].  
However, if the (2O2-  ) anions in the melt are under the affect of the other str2
o-existing in the melt, further associated processes, 
An alternative is that both  Fe3+and Fe2+  are octahedrally coordinated providing thus 

optional relation 
 4(Fe3+(VI)/O2-

2
 ) + (2O2-

2
 ) ⇔  4Fe2+  + O2,  
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which is adjacent to opposite process of polymerization. Certainly, it is plausible that 
both F

ures can be related to the ratios of 
Fe3+/Fe

 glasses such 
as germ

anonical spin 
glasses

e3+and Fe2+ cations may undergo coordination transformation simultaneously, which 
would result in structural changes touching all variables as illustrated by the relation 

 (Fe3+(IV)/O2-
2

 ) = (Fe3+(VI)/O2-
2

 ) + (2O2-
2

 ).  
Thus any glass property of iron-bearing mixt
2+ and/or Fe3+/∑Fe [7] the latter being also controlled by other glass-modifying 

admixtures such as CaO, Na2O, K2O with positive and MgO or Al2O3 with negative 
correlations towards the redox data [13] and thus affecting the level of NBO. Simply saying, 
it implies that the Fe3+/Fe2+ ratio decreases with increasing NBO in bulk melt.   

Actually, the structure of borate glasses is somehow different from other
anate, phosphate or silicate and it was suggested that the structure of borate glasses 

heavily depends on the cooling rate of the melt through the range of glass transition 
temperature. Therefore most of magnetic properties were found related to the method [45,46] 
of glass preparation. The behavior changes of borate glasses were intensively studies with 
respects of considerable addition of iron oxide respecting both its phase equilibrium and 
oxidation state [47-50] as well as structure [51].  First technological strategy was aimed to 
initiate a controlled crystallization within glassy state to produce well tailored magnetic 
particles, such as the precipitation of magnetolumbite from BaO-Fe2O3-B2O3 glass containing 
up 30% of iron oxide [52,53] and ferrite from CaO-Al2O3-B2O3-SiO2-Fe2O3 glass having up 
to 12% iron oxide [54] and from B2O3-MnFe2O4 with up to 20 % iron oxide [55].  One of the 
first detailed magnetic investigation of B2O3-MnFe2O4 glasses [56] indicated its 
superparamagnetic arrangement, which was followed by other borate glasses showing that 
superparamagnetic behaviors occurs for those compositions, which exhibits more than 10% of 
Fe2O3 (usually prepared by splat quenching [56-58] and often associated with fast laser 
melting). Probably the first glass to show signs of antiferromagnetic interactions in its 
magnetic susceptibility measurements were specified within a compositional range of 
manganese borate glasses [59] specifically followed by a detailed study of B2O3-MnFe2O4 
glasses [23]. Some investigators reported that most of oxide glasses containing a large amount 
of magnetic ions exhibit magnetic transitions as often observed in spin glasses or super-
paramagnets. For example, magnetic aging and memory effects were measured in 
magnetically ordered phase of 32Fe2O3-48Bi2O3-20B2O3 glass [60], which was prepared by 
using a conventional melt-quenching method. This glass exhibited a spin-glass transition at 
about 15K and a super-paramagnetic blocking at about 28K. The rather unique magnetic 
transition was likable attributed to an inhomogeneous distribution of magnetic moments in the 
glass providing diluted and concentrated regions of magnetic moments, the former likely 
responsible for a spin glass-like transition [64] and the latter for a super-paramagnetic 
clustering. Similar study was carried out in the system Fe2O3–Bi2O3–Li2O [61]. 

The magnetic behavior of Fe2O3-Bi2O3-B2O3 was similar to that of the c
. The magnetic structure measured was dependent on the content of Fe2O3 and when 

the content of Fe2O3 was above 26 mol%, the glasses became composed of two magnetic 
components, i.e., the spin glass phase and magnetic clusters manifesting a super-spin glass 
transition. As the value of Fe2O3 increases, the contribution of magnetic clusters to the 
magnetic properties becomes more remarkable and magnetic clusters executed stronger 
interactions with each other assisting the occurrence of a super-spin glass transition. The 
clusters were mainly present as a kind of amorphous state. It was revealed from the 
measurements of the exchange bias effect that the interplay of the spin glass phase with the 
magnetic clusters headed to the formation of an exchange anisotropy field after the field 
cooling. Compared with the magnetic oxide glass systems reported previously, the present 
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glass system encompassed rather novel magnetic structure in the sense that there exist two 
magnetic ordered phases interacting with each other. 

Laser-impact quenching technique [57,61,62] was applied for the preparation of glassy 
specimens in BaO-Mn2O3-B2O3 and/or BaO-Fe2O3-B2O3 system in air where a small amount 
(drop) of a pre-sintered starting composition was placed on a water-cooled copper plate, 
instantaneously melted with a focused beam of CO2 laser and quenched by striking it with 
another copper block. Magnetization was measured from 4.2 K to room temperature. Their 
magnetic properties approved the concept of antiferromagnetic ordering in the short range 
order [61] exhibiting specificity speromagnetism, which was first noticed in [63]. It was 
noted, however, that microcrystalline Mn3O4 alone could apparently remain present in 
quenched glass below the resolution of SEM being thus responsible for ferromagnenetic 
behavior. Such nuclei can also act as pre-crystallization sites as the Mn3O4 is clearly produced 
upon thermally induced crystallization. The other explanation likelihood may be thought in 
the coexistence of different valance states of Mn ions. Thus the double exchange mechanism 
can lead to the appearance of ferromagnetism in standard Mn-perovskites with coexisting 
Mn3+ and Mn4+ cations.  

Magnetic properties of glasses Bi2O3-BaO-based glasses doped either with up to 35% 
Fe- and/or Mn- oxides [62] showed reciprocally a marked contrast. Fe-glasses were 
characterized by a typical example of weak sperromagnetism of canted spins in which the 
antiferromagnetic order of short range was formed while Mn- glasses seemed to be 
magnetically inhomogeneous, which was well demonstrated in the field dependence of 
thermo-remanent magnetism. For Fe-glass the magnetic susceptibility obeyed the standard 
Curie-Weis law giving effective Bohr magneto, μeff = 5.4-6.2 νB and paramagnetic Curie 
temperature of about minus 300 K.  

In general, magnetic oxide glasses [46] can be regarded as a system in which the 
magnetic moments localized at cations are randomly distributed in the insulating host glass 
structure. In addition to the random distribution of magnetic cations, magnetic frustrations can 
also occur in the configuration of magnetic moments because the short-range 
antiferromagnetic super-exchange interaction is usually dominant in such a random structure. 
The antiferromagnetic interaction between two nearest-neighboring ions can thus be altered 
into ferromagnetic coupling by an additional magnetic ion present near to the two preceding 
ions. Therefore, the magnetic oxide glass systems can satisfy the prerequisites for a spin glass 
transition [62-64]. Actually, the freezing of randomly oriented magnetic moments was 
observed at very low temperatures in magnetic oxide glasses containing a sufficiently large 
amount of 3d transition metal ions (typically Fe and Mn). Ferromagnetic-like behavior even at 
room temperature has been reported for some amorphous oxides containing Fe2O3 and Bi2O3 
such as Fe2O3–Bi2O3–ZnO [65], Fe2O3–Bi2O3–CaO [66], and Fe2O3–Bi2O3–CuO [67] 
systems, in the early 1990s. However, we should mention a conflicting opinion [65,67], which 
concluded that the ferromagnetic behavior in the Fe2O3–Bi2O3–based systems [61,66] can be 
attributable to some remaining ferrimagnetic nano-crystalline phases invisibly embedded in 
the glassy matrix, because their images are too small to be easy observable by transmission 
electron micrography (SRD) and X-ray diffraction (XRD). In general we can agree that 
nucleation processes and particularly possible existence of organized embryos as pre-
nucleation sites can play a decisive role in the entire course of glass crystallization [68-70].  
 
17. 6. Magnetic properties of the (Fe,Mn)2O3-B2O3 splat-quenched system of variously  
     doped melted mixtures  
 
 The glasses melted from raw material (mixed from Fe2O3, MnO2, SiO2, Al2O3, B2O3 
and K2B4O7) and adjusted to the base composition of 31Mn1.5Fe1.5O4+69B2O3 (marked as-  
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o) and with the addition of 3% K2O (K), Al2O3 (Al) and SiO2 (Si) and the mixture 2% K2O 
and 2%Al2O3 (K+Al) was temperature equilibrated and then splat quenched between two 
copper plates into specimen of about 1.5 mm thick, with the estimated cooling rate of about 
10-2 K/s [22,45,56]. Their glassiness was examined by XRD and SEM and the given cation 
content was granted by wet chemical analysis. Furthermore, thermal behavior was measured 
by differential thermal analysis (DTA) [45,72], electric conductivity [73] and magnetic 
susceptibility by a modified Faraday method using an inhomogeneous field in the temperature 
range from 4.2 up to 270 K [22,56]. Determination of the hydrostatic sample density, ρ, and 
the well-defined knowledge of composition can be further used to provide valuation of the 
average volume per cation, Vc, or the average volume Vmg per magnetic cation. The cubic 
roots of volume give us an estimate of the average distances, i.e., ac (amg) = {(M/ρ) u (1/n)}1/3, 
where n is the number of magnetic cations in the formula units. Similarly we can determine 
the average volume per an oxygen atom, Vox = {(M/ρ) u (1/nox)} where nox is the number of 
oxygen atoms in the formula unit. These data are summarized in Table I.  

Basic explorative interest was pointed towards magnetization curves from which 
typical profile it is apparent that at higher temperatures the reciprocal susceptibility 1/χ is 
approaching a linear dependence that can be extrapolated to high negative temperatures (of 
the order of 102 K). Relatively strong interactions among the present magnetic moments can 
be deduced preferring their antiparallel orientation. However, there is no trace of anomalous 
behavior at low temperatures bearing witness on an expected ordering of an antiferromagnetic 
type. On the other hand, the 1/χ temperature dependence displays a downward curvature at 
low temperature, which can be explained by a simplified model of coexistence of two kinds of 
magnetic moments. Certain amount of moments, with a relative concentration of t, is not 
exposed to any appreciable interactions from their neighbors and can be treated as 
paramagnetic whereas the remaining (l-t) behaves like antiferromagnetic characterized by a 
paramagnetic Neel temperature, Θ (see next Table). 
 
Table I:  
Sample Tg stability Area energy density dist. amg vol. vox 
O 528  (1) (1) (1) 3,251 4.033 18.42 
K 515  0.64 1.0 1.39 3.215 4.096 18.80 
Al 525 1.15 1.0 0.42 3.104 4.147 18.15 
Si 531 1.0 1.07 0.82 3.338 4.054 17.73 
K+Al 520 0.91 0.97 0.89 3.198 4.122 18.74 
Tg is glass-transformation temperature [oC], stability, which is given as a relative ratio of (Tc-Tg) 
with regard to that of the undoped sample (o). Similarly is given the relative values for peak area of 
crystallization and that for related activation energy. The sample density is measured by an 
hydrostatic method while the average distance between the magnetic cations amg [in 10-8 cm] is 
calculated. Moreover, the average volume of oxygen anions vox is also determined [≈18.10-24 cm3]. It 
worth noting that the oxygen volume is about 5% higher than that often exploit from tables [≈17 × 
10−24 cm3] and even much higher in the case when assuming the volume of bridging oxygen depicted 
in the paragraph one [≈15.34× 10−24 cm3], which is likely caused by the specificity of borate matrix 
involved.   
 

Introducing an additional assumption that both these kinds of moments have the same 
average magnitude an 'expression for the temperature dependence of reciprocal susceptibility 
can be easily derive in the form    
 

1/χ = {T + (1-t) Θ}/c – t/{T/(Θ + t)} {(1-t) Θ/c}       (5) 
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Here c is the Curie constant, T is the absolute temperature and the meaning t and Θ was 
shown above. The main features of' this dependence reasonably agrees with our experimental 
data, Fig. 4., so that we could convincingly determine from them the model parameters such 
as the Curie constant, c, the paramagnetic Néel temperature, Θ, and the concentration, t. In 
order to do that let us first note, that the asymptotic behavior at high temperatures is only 
governed by the first term of eq. (5) and the extrapolated Θ' corresponds to (l-t)Θ, the slope 
being equal to 1/c. Getting an estimate of t from eq. (5) , we calculated temperature T’ at 
which the full dependence of 1/χ is equal to ¾ of the first term linear in T. The concentration t 
of paramagnetic moments is then given by  
 

T = {T’(T’ +Θ’)} / (3Θ’2 + T’2)      (6) 
 
After t is calculated we can determine Θ from Θ’/(l-t). All relevant data are summarized in 
Table II. 
 
Table II:  
Sample Θ‘ t Θ c g  (μ’/μB)2 (μ’/μt) 
O 140 0.16 167 2.22 22.74  0.83 
K 115 0.125 131 2.25 24.3 0.86 
Al 77 0.17 93 1.89 20.1 0.78 
Si 130 0.105 145 2.56 27.35 0.91 
K+Al 121 0.15 121 2.13 22.92  0.83 
Magnetic properties consists of extrapolated negative temperature Θ’ [in K] and  paramagnetic Neel 
temperature, Θ [K] estimated for a given concentration of antiparallely ordered magnetic moments 
(1-t). The value cg is the Curie constant per gram [10-2], μ’ is the average magnetic moment per atom 
of transition metal yielding the revoking squares of  average moments (μ’/μB)2. Using a theoretical 
value of μt equal to 5.76 μB we can utilize it for the evaluation and consequent comparison of 
experimental data in the form of ratio (μ’/μt). 

 
Fig. 4. left: DTA (Netzsch instrument) curves of glasses and resulting data relevant to their stability 
related to Tg (as the front step-wise change) and Tc (as the onset of the exothermal crystallization 
peaks), cf. Table I. Right: Temperature dependence of the reciprocal magnetic susceptibility, 1/χ, 
extrapolated to negative temperatures of Neel temperature, Θ’, see text and table II.  
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The Curie constant c may be further used to calculate the average magnetic moment, 
μ’ per an atom of transition metal  using the resolved chemical composition of our sample, 
i.e.,  

cg = Ng μ’2 / (3 k T) = NA a μ‘2 / (M k T)     (7) 
 
Here the subscript in cg stresses the fact that we are using susceptibi1ities and consequently 
Curie constants per gram (g), Ng is the number of magnetic moment μ’ in one g and NA is the 
Avogadro number and 3a is equa1 to the number of magnetic atoms in the formu1a unit (see 
Tab1e II).  

The squares of these average moments derived from eq. (7) are 1isted in Tab1e II. In 
order to ca1culate the expected average magnetic moment of the present cations we suppose 
that equi1ibrium between various va1encies of manganese se and iron does not deviate in the 
glass from that stoichiometry found in the standard Mn-Fe spinels with the same Mn3+/Fe3+ 
ratio, i.e., Fe3+

1.5Mn3+
0.5O4 [71]. Ascribing then to each cation a single spin-on1y va1ue of 

 
 μ’2

t = g2 s (s+1) μ2
B            (8)

  

with g=2 s is the quantum spin number, and μB is Bohr magneton. Assuming squares of the 
moments in accordance with eq. (7) we arrive at a theoretica1 va1ue of μt =5.76 μB which is 
further used for comparison with the experimental va1ues in the 1ast column of Tab1e II. 

It is worth noting that DTA was measured on few pieces of glass buried in the powder 
of fine silver particles placed inside the DTA sample-cell because similar-sized glass pieces 
were used in all other measurements. Moreover, powdering of glass changed its properties 
slightly decreasing Tg  (o → 524 C) but doubling crystallization heat (A/Ao ≈ 2.1) due to the 
increased surface (a slight increase of the activation energy E/Eo =  1.2 was infertile likely 
enhancing surface crystallization only little). 

Glass-forming abilities and associated cation compatibi1ities with various levels of  
B2O3 [55] shown a decrease from Mn3+ through Mn2+, Fe3+ to Fe2+ and, consequently, we can 
expect that the transition metal ions will be incorporated into the glass network along this 
sequence. This idea was corroborated by our findings about crystallization [55], which for 
boron glasses containing iron and manganese cations crystallization yields the crystal phase 
enriched in Fe with the remaining glass matrix augmented of Mn (than that corresponding to 
the average Mn/Fe ratio [56]). The stability of glasses with respect to the different admixtures 
can be analyzed on the basis of DTA data, see Fig .3. The ratio of the differences between the 
temperature of glass crystallization and transformation of the doped glass to the original one 
(o) may be taken as a measure of the relative glass stability. It is equal to 1 for SiO2 
admixture, which is in accordance with the standard concept that SiO2 tends to form a 
separate network within B2O3 matrix so that the original matrix remains essentially 
unaffected. On the other hand A12O3 tends to enter B2O3 matrix and to span its network into 
three dimensions, which results in an apparent gain in the relative glass stability. Potassium 
cations with a relatively high ionic radius deform in their vicinity the B2O3 network, which 
may thereafter act as potential sites for nucleation and crystallization. In consequence the 
glass stability decreases. All that is also in accordance with the change in activation energy 
[68-73] whose high value for K2O admixture indicates an easier crystallization process started 
from a large number of ready-to-grow nuclei while its lower value for A1203 indicates rather 
slower process controlled by diffusion. 

Let us turn now our attention to the magnitude of magnetic moments given in Table II. 
From the last columns it can be seen that for the basic glass (without admixtures) this value is 
considerably lower than the moment expected for free ions. Various admixtures bearing the 
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magnetic moments are able of further changing the moment per atom of transition metal and 
we believe that both these phenomena are symptoms of the number and type of incorporation 
into the network. The reasons may be at three-fold:  

(i) Increased interaction of incorporated transition metal ions via the intermediating 
oxygen, which may result in their antiferromagnetic pair (or even small cluster) ordering thus 
substantially lowering (or even excluding) the contribution of these moments to the Curie 
constant.  

(ii) The spin moment of covalently bound cations, e.g., Fe3+, may be lowered due to 
the transition to low-spin state [22]. These effects are usually described in terms of strong 
crystal fields revealed by some compounds supportive of these cations though not so common 
in oxides.  

(iii) To a large extent, the orbital contribution to the magnetic moment is affected by 
covalent bonding but in our quantitative estimates we only capture into account the spin 
moment so that this inf1uence cannot be weighted up in a simplified way.  

In any cases it seems that the incorporation of either Mn (or less probably Fe) ions into 
the glass network can only lower its magnetic moment. The number of ions incorporated will 
be given by the equilibrium of the reactions shown in the introductory paragraphs [1-5,22], 
Mn2+ + O2- = Mn° + O° and/or 2Mn3+ + 3O2- = 2Mn+ + 2O°+  O2-  = 2Mn +  3O°, where 
the number of primes denotes the multiplicity of the bond of the given atom in the network.  

Concluding on basis of DTA data and magnetic moment determination we suggest the 
following mechanism for the influence of modifying admixtures. SiO2 enters the B2O3 matrix 
as (Si4+ + 2O°), which likely increases the concentration of BO [2]. The NBO equilibrium is 
thus shifted to the left hand side, i.e., Mn and/or Fe cations are released from the network. The 
addition of Al2O3 has the opposite effect [7,74], because it prefers the incorporation in the 
form of AlO4- groups whose negative charge is compensated by bonding transition metal ions 
into the network, which means a shift of equilibrium to their right hand side. The expected 
effect of K2O admixture as the donor of O2- should be even stronger than that of Al2O3 and 
point in the same direction. Our magnetic measurements show, however, a minor influence 
though the DTA displays rather significant changes. Similarly as reported in [22,50,75,76] the 
introduction of K2O into borate glass would change the B2O3 matrix itself so that we can 
expect both the softening of the glass structure and a smaller effect exerted upon the state of 
the transition metal ions. 
 The strength of magnetic interactions can be estimated from the value of Θ as revealed 
in Fig 3. This quantity Θ actually gives the lower limit for the entire interactions. In a rough 
approximation, the effect of various admixtures can be explained by the average distance 
between magnetic ions presented.  In quantitative agreement along our expectations, the 
value of Θ smoothly decreases with the increasing distance. Let us finally comment on the 
magnitude of this concentration, which was calculated for the accepted model on the basis of 
eq.(6) and (7), and given in Table II. The moments, described here as paramagnetic, do not 
have a' sufficient number of magnetic cations as their nearest neighbors and, for an assumed 
random distribution, the number dependence on the average concentration of magnetic atoms 
turn up to be an increasing function for low values attaining a maximum (and again 
decreasing). The composition of our glasses clearly belongs to the latter part of this 
dependence, which explains the seemingly contradictory behavior of the t-value with various 
admixtures. Namely Si releases transition metal atoms from the network, which factually 
decreases the concentration t and the effect of Al is laying just on the opposite direction. For 
describing magnetic susceptibility and approving consistency of our model, we plotted in Fig. 
5. the concentration t against the relative magnetic moment μ’/μt (see Tab. II). In agreement 
with our discussion, introducing admixtures increases the number of transition metal atoms 

379



incorporated into the network, which decreases the average magnetic moment and increases 
the concentration t and vice versa.                      

Such a magnetically doped glasses provides possibility of a controlled crystallization 
[55,56,68-70] of two independent magnetic crystallites with narrow but separate distribution 
curves [77]. If the size of magnetic particles is decreased below a certain limit, which is 
necessary for the formation of sizable magnetic domains, such a resulting glass-ceramics is 
applicable as hard magnetic material allowing, moreover, continuous passage from single- to 
multi-domain particles. Crystallization can further be studied under simultaneous 
measurements of coercitive force helping thus the precipitation of single-domain system [77]. 
By comparing different glass-forming components the matrix of B2O3 provided the highest 
coercitive force in comparison with that based on SiO2, Bi2O3 or P2O5. Antiparallel ordering 
[22,56,78] was found in the accordance with the Simpson theoretical model [79] yielding that 
the temperature of magnetic ordering (TN) is proportional to the square of mean number of 
interacting neighbors and the Neel temperature (Θ) lies lower than that for analogous 
polycrystalline ceramics. Ferromagnetic or sperrimagnetic properties of disordered systems 
were located in glassy alloys (see the separate chapter on microcrystalline alloys), which 
numerous compositionally different systems found already practical applications [79].    

 
17.7. Specific case of speromagnetic behavior of rapidly quenched and laser melted  
     (Fe,Mn)2O3-(B,Bi)2O3 glasses 
 

The substitution of Bi2O3 for B2O3 [76] increases, however, the upper glass forming 
limit for Fe2O3 to about 20mol% (such a composition was still vitrifiable by standard splat 
quenching method at the cooling rate of ≤10-2 K/s). In the contrast with the simple (Fe, Mn)-
B-O system, the substitution of Fe by Mn in the Bi2O3-rich matrix did not improved the glass-
formation but only decreased the Curie temperature. Substitution of B for Bi in Fe-B-Bi-O 
system changed the phase relation substantially enhancing crystallization tendency of 
crystalline borates on account of previously precipitated crystalline phases of Fe4Bi2O6 and 
FeBiO3 leaving behind glassy matrix with higher magnetic moments. 

However, the Fe2O3-rich composition (such as the end compound FeBiO3) required for 
its vitrification much powerful quenching than is a basic splat cooling used above. In some 
cases it was necessary to exceed rates above 10-3 K/s. Such a rapid freeze-in of melts could 
only be attained by a specially developed techniques usually aided by fast laser melting and 
consequent melted drop pressing in a specially modified coolers, such as twin-rollers [45,76] 
being worth of a more detailed description.    

The popular quenching technique has been derived from a familiar doubling machine 
(calander) enabling intensive rolling between two rapidly rotating wheels (held together under 
certain pressure and guaranteeing the given gap of separation) often called twin roll technique 
(forming the original basis for continuous production of metallic glass ribbons with even 
thickness and homogeneous composition assuring also a smooth surface on both sides), Fig. 
5. However, a relatively short time of effective cooling along the line between the two wheels 
(touching each other in a linear link) often causes that the temperature of the departing 
(cooled) solid (ribbon) still remains high enough to cause the solidified sample re-
crystallization (or otherwise undesirable relaxation). Together with another disadvantages 
(such as difficult synchronization of the outlet velocity of the melt with the circumferential 
velocity of both wheel revolutions at about15 – 30 m/s) this method often steered preference 
towards a practical exploitation of the single wheel quenching, which, however, was found 
ineffective for the type of oxide melts under investigation.  
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 Fig.5. Left: Photo of a laser-aided heating system, which was actually applied in our 
laboratory during eighties. The laser furnace consists of globular reflectors, which shield the intense 
heat created by a small resistance heater made of iridium wire and placed in the center. It provided 
homogeneous background temperature of about 1800 °C. Inside the heater, a rotating pre-sintered 
rod-like specimen is mounted, the end of which was additionally heated by focused laser beam 
entering the furnace by a window. The molten zone thus created discharge a hanging molten drop 
enabling it consequent quenching either at an underneath trap when the pedant drop is forced to fall 
down into the quenching device (see right) or by immediate squeeze-in between two miniature copper 
plates mounted at the ends of tweezers (movable inside the globular shield). Right: Close up of the 
entire quenching devise (called the belt running roller) where the melt is factually quenched on the 
surface of inserted (infinitesimally running) metallic (Ag-alloy) ribbon. This adjustment helped to 
assure prolonged contact of the quenched sample melt onto the cooling substrate (thus avoiding 
supplementary crystallization of glass after its taking away from the simple wheels’ linear contact). 

Nevertheless, the intricate difficulties can be removed by a specially designed set up of 
the so-called continuous belt-running method, which was earlier developed in our laboratory. 
Fundamental principle ensues that a melted pendant drop (or even free falling melt-stream) is 
trapped in between the wheels, which roller’s link (factually providing the quenching linear 
contact) was expanded to a plane by an inserted looped filament, which is infinitesimally 
running metallic ribbon 

These quenching options radically extended the range of vitrified compositions, 
though the glassy samples were very tiny and difficult to become fully reproducible. From 
magnetic susceptibility measurements, the temperature dependence of (Bi-B)(Fe-Mn)-O 
glasses revealed certain evidence of stronger interaction of antiferromagnetic types [76]. The 
composition containing not only Bi but simultaneously B, exhibited a definite Curie-Weiss 
behavior, Fig. 6. Samples with Bi and Mn probably contained cations’ multivalency as a 
result of their broader distribution, showing their various degree of incorporation into the 
glass network. Only difficult to prepare glassy FeBiO3 provided indication of magnetic 
measurements explainable on the basis of weak ferromagnetism, i.e. , so called 
speromagnetism, probably caused by canted spins in the antiferromagnetic sub-lattice, which 
was early suggested to take possibly place in the Fe-Bi-O system [80] and which magnetic 
ordering was already experimentally noted previously [63].   
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Fig 6a: Magnetization curves of the antiferromagnetic-like as-quenched Fe-Mn-Bi-O glass viewing 
the experimental curves and their temperatures of measurements from upper curve at 4.2 K 
proceeding down with the increasing stepwise temperature changes along 24.5, 50.0, 75.0, 100.0, 
125.0, 150.0 175.0, 200.0 up to the final 157.0 K. Fig 5b: Temperature dependence of the reciprocal 
magnetic susceptibility, 1/χ, portraying various magnetic behavior, starting from paramagnetic 
(arbitrary ordering of mag. moments ↑→↓←) for Fe0.5Mn0.5Bi0.5B0.5O3  to a mixture of paramagnetic 
and antiferromagnetic (←↓↑↓↑→) phases for Fe0.5Mn0.5BiO3 or MnBiO3 exhibiting a Neel 
temperature Θ in the order of -100 K. A very special (almost extraordinary) behavior of so called 
speromagnetism is displayed by the extremely rapid quenched (≅ 106 K/s) glassy specimen of FeBiO3 
showing not completely compensated moments (i.e., not fully antiparallel moment ordering, where 
arrow orientation ↑↓↑↓ is mutually little angled).    
   

The type of incorporation of cations into the Bi-B-glass network and the formation of 
NBO predictably affects the resulting magnetic moment. Presumably, the addition of Bi2O3 to 
the B2O3 matrix prefers to undertake web incorporations in the form of BiO3

3- groups, their 
negative charge being compensated by pushing transition metals to bond within the network. 
Thus the concentration of bridging oxygen is thus decreased, i.e., equilibrium of eq. 1. is 
shifted to the right. This effect may be similar to that caused by A1203 but apparently stronger 
due to the higher deformability of the larger radius of Bi-ions.  
 Some of above mentioned ideas were found useful even in the subsequent studying of 
thermal properties of high temperature superconductors based on ceramic and glass-ceramic 
Bi-Ca-Sr-Y-Cu mixed oxides [81-85]. Concepts extension of the pattern dynamics of the 
glass structure and the associated glass transition from the undercooled liquid in order to 
understand the freeze-in phenomena as well as the solid-state amorphization of crystals under 
the given temperature and pressure regime as to determine the thermodynamic limits of the 
crystalline and glassy state was recently shown in details by Greaves and Sen [16]. 
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18.  STRUCTURAL CHANGES IN LIQUIDS, CREATION OF VOIDS,   

MICRO-MOVEMENT OF VIBRATION CENTERS AND BUILT-IN 
BLOKS TOWARD THE GLASS TRANSITION TEMPERATURE 

 
 

Bořivoj Hlaváček, Jaroslav Šesták 
 

 
18. 1. Model structure of liquids 
  

Considerable fluctuations of liquid density toward the area of critical temperature, Tc, 
appear as measurable phenomenon, which are even visibly observable to a naked eye [1,6,26]. 
Under this critical temperature, liquid phase is factually prearranged or better separated into 
solid-like structures and certain unoccupied vacancies space called voids (in the conspicuous 
meaning of opening, hollowness or cavity), which are packed with gas-like molecules (so 
called „wanderers“). This realism has been known for a long time [2]. Some of the modern 
structural theories (such as the so called ´mode coupling theory´ – MCT, which is describing 
the structural phenomena of liquid state at lower temperatures) are also based on a similar 
idea of local density fluctuation [3]. Such a conjecture of heterogeneities in liquid phase goes 
back to the assumption of semi-crystalline phase published early by Kauzman [4], as well as 
to the assumptions of coexistence of gas- liquid semi-structures [5,6] as related to numerous 
works of Cohen, Grest and Turnbull [7-10]. 

On one side, liquid structure can be empathized as a certain, mechanically sub-divided 
structure formed by blocks (in the conspicuous meaning of domains, icebergs or clusters) 
[6,43] (see Fig. 1. and Fig. 2.) and, on the other side, as an assortment of individual “semi-
evaporated” units, which are subjected to non-linear anharmonic motions at high amplitudes 
[5, 6] (cf. Fig. 4.). It is assumed that highly non-linear oscillators maintain the individual 
character of their motions and herewith are perceived as the simple individual units about a 
monomer size [12, 42, 43]. Alternatively, the blocks are assumed to possess interconnected 
microstructure being composed of identical elastically bonded particles (see Fig. 2.) packed to 
the high compactness level eventually reaching the density of glassy phase.  

 
Fig. 1.  Mean length of 
the heterogeneity 
fluctuation as a function 
of the glass density 
(assumed in the terms of 
MRO - medium range of 
order) estimated on the 
basis of sound velocity for 
two types of glassy 
materials displayed by the 
dense and empty triangles 
(according to Surovcev 
and Novikov [11,15,16, 
106,107], the dependence 
compare with the data in 
Table 1., 
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Fig.2. Schematic 

picture for liquid-like (and also 
glassy structures) composed of 
variously bonded blocks 
illustrating the degree of 
possible coupling.  When the 
separation of macro-
molecularly interconnected 
blocks occurs above the 
crossover temperature, Tcr ,  it 
produces rubber elasticity, 
which is often associated with 
entanglements. Low molecular 
compounds [98-100] never 

achieve such a rubbery state. The blocks’ partition can be found by adequate rheological 
measurements of a shear viscosity [57-63] at very small gradients. 

 
The blocks are characterized by a compression as well as by a shear module (see Fig. 

3.), which can, in due course, reach the level of glassy state keeping the swarm of particles in 
one block in certain chorus. A dynamical equilibrium takes place between the block-particles 
and the semi-evaporated particles, which stuck between the blocks as well as between the 
semi-evaporated particles and the gas phase. These clusters are separated by loosely packed 
regions. The existence of accidentally distributed, random size molecular clusters in a viscous 
liquid has been discussed since the beginning of sixties until present days [5-11,13,70,71,79]. 
Inter-clusters regions, which are containing molecules whose vibrations are strongly 
anharmonic, are considered herewith to provide a mount towards non-deterministic vibration 
movements.  

The blocks (and their inter-blocks bonding structure) form the focally contributing 
factor responsible for the significance of specific dynamical parameters, such as the viscosity 
or bulk elasticity of liquid sample. The blocks are also responsible for complex relaxation 
effects; because the interconnected linear oscillators are forming their structures interact. On 
the other hand, the semi-evaporated particles (acting as non-linear oscillators) are responsible 
for an erratic character of displacements due to the Brownian motion in liquids [14]. The 
semi-evaporated particles are correspondingly acting against the external pressure and 
exercise a so called ‘push-aside’ effect upon the individual blocks effective in their vicinity. 
Thus created gaps (cf. Fig. 4.) caused by straightforward amplitude jump, can be directed to 
any direction within amorphous phase. For the non-linear oscillators of semi-evaporated 
particles, the minimal change in the initial coordinates in phase space brings consequential 
and substantial changes in the motional trajectories of particles [73-77]. Therefore, particles 
can perform their oscillations on several different amplitudes [15,16] and these motions bring, 
in the same time, apparent elements of uncertainty. In most cases it is describable by the non-
linear and non-deterministic theories [17-25] of chaos. For non-liner systems, characterized 
with the different initial coordinates, their subsequent positions and momentums cannot be 
determined beforehand and the differential changes and variations in initial conditions bring 
completely different trajectories in the phase space expression. The general rule for the non-
deterministic chaos theories [17-25] is consequently reflected into the structure of amorphous 
soul of glassy state, which durably depends on the experimental course of action deliberated 
for cooling. It will surface its irregular character, which is subject of discussion connected 
with the uplift of potential bottom well (and the consecutive particle displacement exposed by 
the parameter λ  as described in the following Fig. 5.).  
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Fig. 3.  Course of a 
shear modulus, G, 
for a  amorphous   

low-molecular 
compound around 
Tg [98-100]. Note 
that the glass 
transition region, 
Temperature Tg, is 
characterized by the 
shear modulus      G 
≅ 109- 1010 [N/m2], 
which decreases 
with increasing 
temperature and 
disappears at or 
closely above the 

crossover temperature, Tcr, where the proportionality, Tg ≅ 0.8 Tcr, is approximately applicable 
(compare with Fig.10., which is relevant for high-molecular compounds). Typical allied facts are 
the time-dependent hysteresis particularly evident during the sample consequent cooling.    
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Fig.4. 

Schematic 
representatio
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increase 
(pictured on 
vertical axis) 
of a non-

linear 
oscillator 

causing the 
serial 

displacements 
of 

neighboring 
particles on 
the account of 

total 
expansion of 
the sample 
volume. (Note 
that time 
needed for 

particle 
diffusion 

displacement 
is depicted on 
the horizontal 
axis) 
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18. 2. Amplitudes of vibration movements below the critical temperature  
 

For the displacement of block as an entirety, the maximum retardation time would 
reveal the state of interconnections inside of the block structure, characteristic of a given 
block size and its altering with temperature. It is assumed that the block size, together with 
maximum block retardation time, τmax, decreases with the temperature increment. The block 
progressively disintegrates as the critical temperature is gradually approached [15,16]. On 
contrary, the blocks bind themselves to form a more rigid structure as the temperature 
decreases below the crossover temperature, Tcr and further on below the glass transition 
temperature, Tg.  

Down from the critical temperature, Tc , we can contemplate four subsequent and the most 
important temperatures, related to the characteristic points, which are gradually linking liquid 
and glassy states:  

1)  Boiling/condensation/liquid temperature Tb , characteristic for the first-order transition. At 
this temperature, vibrating particles are capable to depart their typically nonlinear motion 
around its vibration focus further loosing it at all to become a part of gaseous phase. Gaseous 
molecules are moving in translation and rotation modes in the whole volume, which, 
therefore, is missing vibrational locations characteristic for a condensed state.    

2)  Crossover temperature, Tcr, Liquid at this temperature starts to reveal elastic response in 
shear stress becoming viscously-elastic, which is characterized by a nonzero shear modulus 
build on energetic basis (An entropic elasticity of a rubbery network is not herewith 
accounted for [57-61] but is graphically illustrated upon the comparison of Figs. 3. and 10.).    

3) Glass transition temperature, Tg . The shear modulus at this temperature overcome the 
value ~ G  N/m2 having a tendency to go ahead its maximum value of ~  109- 1010 N/m2  810≥

4) Vogel’s temperature Tv. Below this temperature the Brown move proceeds only in isolated 
regions mostly along the domain’s interfaces. Below the Vogel temperature the spatial 
adjustment comes about the ‘fixation of domains’ (by e.g. chemical bounding) making a 
three-dimensional web within the sample. In the macro-scale the sample undertakes the 
property of a solid phase incapable of wholesale creep flowing. The time-honored Kauzmann 
temperature, TK, may get coincidental with Tv if derived from the entropy plot.     

The subsequent succession Tc ≥ Tb ≥ Tcr ≥ Tg ≥ Tv can be recognized and the following 
model anticipated, which bears some distinctive characterization of vibration modes at 
different temperatures (or associated temperature regions) worth of mentioning beforehand of 
a needful identification. Referring to the simplest expression for P-V-T state equation, such 
as, for example, is the van der Walles equation, which is suitable to affirm the size of a 
minimum volume for the associated van der Waals isothermal curve setting thus the limits to 
the upper boundary of possible amplitudes of oscillators’ vibrations. In the moment of the 
limit overcoming such a volume becomes unstable and can eventually expand toward the 
volume of gaseous phase. Below Tb , however, such a process of maximum volume expansion 
can undergo only those particles existing on the liquid surface.  The bottom component on the 
liquid side of saddle part of the van der Waals curve (approximately at 0.385 Vc , i.e., just a 
portion of critical volume, Vc )  plays an important role for the size evaluation of non-linear 
vibration amplitude. The onset of the spinodal part of this van der Waals curve seems to pose 
a sensible restrain on the upper amplitude of vibration motion. If exceeded, this limit leads to 
a vacancy enlargement in which the particles in vicinity of high-amplitude oscillator have to 
absorb the vibration energy of particle by their own undertaking the avalanche-like 
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displacement. Above the liquid point, Tb, this type of an energy withdrawal from high-
amplitude vibrating particle can only be performed effectively enough by neighborhood 
particles without further destruction of the sample netting through creating a gas phase in the 
sample bulk.  

The intercepting level of a van der Waals curve for an isothermal case can be found 
easily for small volumes by seeking the intercept of spinodal curve [26] with the low volume 
of van der Waals curve. The intercepting point stays at the volume fraction of ~0.385 of a 
critical volume. At the boiling point Tb, non-linear movement stops for some semi-evaporated 
particles, as the attachment of particle to the so called “strange” attractor of Lorenz type 
[23,24] enlarges its basin of attraction and is eventually interrupted as the particle leaves the 
oscillatory movement for a gas phase. Between the crossover temperature and the boiling 
point, the high amplitudes of vibration are able to mechanically perturb the original bonding 
of blocks to such a level, that shear module disappears. At such vicinity of a crossover 
temperatures, a new element for standard behavior of materials is practicality of the 
substantial rise in the shear module, G, contributing the limitation of vacancy enlargement 
below the crossover temperature. Accordingly, the sample is able to store internally the elastic 
energy, W, connected to the shear module [27], namely, W = 8 π G ro (r1 – ro)2 . The radius ro 
represents the radius of a rigid sphere enveloping the particle and r1 resembles the size of 
radius of the cavity. For example, the cavity of size  r1 = 2 ro (formed in a solid with the 
modulus G = 1010 Nm-2) needs about  125 kJ mol-1 [27], while in liquids of the van der Waals-
Eyring’s type, such level of internal void expansion leads to the so called Trouton’s rule [2,6]. 

Below the Tcr the non-zero shear module has a drastic impact on the void size and on 
the extent of maximum diffusion jumps, which are depressed or even eliminated when 
temperature is dropping off. The presence of inter-block bonding will raise the shear module 
to a non-zero level forming thus an elastic network. The veracity of inter-block bonding in 
different ways has basic effect on the fragility phenomena, too [28,29]. Above the crossover 
temperature the diffusion process is driven mainly by small number of particles lying away of 
the block area, which are undergoing the vibration amplitudes switch. Increase of the free 
volume is associated with the vibrations slow down and their amplitudes escalation ( A1 → 
A2, see Fig. 4.) as well as by decrement of the local cohesion while mounting its internal 
energy. Therefore the change of free energy, Φ, is linked to corresponding local volume 
changes 21 , ϑϑ   and to the customarily used formula, {kB T ln (ϑ1/ϑ2)}.  Below the Tcr 
temperature, less and less particles are eligible for the amplitude switch as the temperature 
goes down. The relation formed by the product of viscosity, size of diffusing particles and its 
diffusion coefficient and divided by absolute temperature and the Boltzmann’s constant 
[30,31] is characteristic for the liquid state. It, however, is not retaining its initial form, which 
is orthodox for liquids because the elastic shear module begins to influence the particles’ 
displacements. A most apparent impact of shear module can thus be demonstrated on the 
temperature dependence of the so called “alpha” and “beta” relaxation processes, which will 
be detailed in the following paragraph 18.8. As illustrated by Buchenau [32] for the Tg 
vicinity, the changes in average vibration amplitudes can be determined by experimental 
measurements of the Debye-Waller factor.  

 
18. 3. First experimental justification of the structural heterogeneity of liquids  
 
 18. 3. 1. X-ray diffraction  

The X-ray diffraction studies belong among the oldest investigational methods that 
could support the existence of dual structure in the bulk of liquids [33]. For a liquid these 
studies showed that the coordination number (characterizing the number of particles in the 
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closest vicinity) falls drastically in the area of temperatures between the boiling point and 
critical temperature Tc.  

However, the distance characteristic of the first peak of radial distribution g•(r) of 
particles in their vicinity hardly changes as the temperature approaches the critical 
temperature region [33]. On the other hand, the experimental proof of compact structure 
(expressed through unchanged radial distribution g•(r) ) implies the existence of unoccupied 
vacancy space (voids) filled with “semi-evaporated” particles necessary to put together the 
overall volume of the sample characterized by the average density. 
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Fig. 5.  
Model of a 
void formation 
upon the 
changes of 

basic 
parameters 

λ ( plotted on 
horizontal 

axis) 
characterizing 
the potential 
valley (ξ, ro, 
Uo),( pictured 
on vertical 
axis) with a 

consequent 
diffusional 

displacement, 
where ξ is the 

vibration 
independent 

vari-able 
conditioning 

the particle 
deviation from 
the bottom of 

potential 
valley. The 
level of a void 
increment is 
given by the 
energy of 

potential 
valley and the serial shift of particles, shown in the previous figures 4 and 5 , results in the 
reallocation of the bottom of potential valley. After the termination of enlarged space the semi-excited 
(and partially semi-evaporated) particle leaves its original position and sits in new position moved 
about the distance± λ . In the same time and at the first approximation, the original state of potential 
valley is recovered linked with the skew space thus available for the particle. The kinetics of newly 
sited particle is different lessened by the energy transmitted by migrated particle to its environment. 
Implication for released motion is that the conformation partition function is enriched due to new 
degree of freedom. These new variables are characterizing the λ-shift of the bottom of potential valley 
(cf. Fig. 4.) and are responsible for the avalanche escalation well observable at and above the Tg 
transition. 
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18. 3. 2. Distinguishing of local heterogeneity using the positron annihilation spectroscopy  
The volumes of voids were exactly determined and reported in numerous papers on 

positron annihilation spectroscopy - PASCA [34-37]. These PASCA experiments provide the 
unusually high coefficients of thermal expansion in the vacancies comprising region where 
the volumes of voids are exceedingly sensitive to the temperature changes above the glassy 
transition as well as to the external pressure changes in the boiling point area. The coefficient 
of thermal expansion in vacancies areas is about ten to a hundred times as high as that in the 
block-containing areas. For an amorphous body (embedded as a whole piece of sample), the 
coefficient of thermal expansion α below the glass transition temperature, T ≤ Tg , is roughly 

α1 ≈ 10
–4 

K
–1

 while at T ≥ Tg is approximately α2 ≅ 4.1x10
–4 

K
–1

 declining very slowly with  
the change of glass transition temperature [93].  

Possible discontinuity in properties for liquid structure turns out to be apparent locally 
at expanding spots, which bear a responsibility for a high coefficient of their thermal 
expansion. These locally expanding structures appear particularly above Tg and their number 
increases with rising temperature and the sample commences to consists of, at least, two kinds 
of particles. In the presence of such mechanically different units above Tg, the matter turn out 
to be rather mechanically heterogeneous and in this region around the glass transformation 
temperature (T≤ Tg) it  is almost impossible to deduce any serious verdicts (as will be shown 
later in connection with the subsequent Figs. 7., 8. and 12.). In this light we like to emphasize 
that the matter structurally transform in the region of Tcr  and  it seems to be a total historical 
blunder to conceive any extrapolations associated with changes from one area above Tcr  to 
the other below the Tcr (such as that in the connection with negative entropies).   
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18. 3. 3. Three types of entropy contributions  
Keeping up the connection with the semi-evaporated state, see Fig. 4., the entropy 

contribution, which is created inside the liquid system containing vacancies areas, can be 
potentially contemplated as shown in ref. [15,16]. For the inherent temperatures regions the 
entropy main contributions can be portrayed in three gradual ways. Below the Vogel’s 
temperature, Tv the entropy S  kB ln Wth , is solely composed by the vibration energy of 
particles. In the region above the Vogel’s temperature, T Tv , but below, Tg , the entropy 
value enlarges by conformation part, i.e., S  kB [ln Wth + ln Wconf ], which is associated with 
the release of particle’s migration freeing thus their originally fixed positions in the sample 
space. Finally at T ≥ Tg where S  kB [ln Wth + ln Wconf + ln Wsemievap ], the overall 
contribution extends as a result of semi-evaporated non-linear particles at a higher energy 
vibration level. The number of excited particles increases with rising temperature and acutely 
above Tcr it turns out to form the diffusion process due to high-amplitude changes.  

≥

Fig. 7.    
Extrapolation 

towards nega-
tive entropy is 
impossible due 
to Kauzmann  
paradox [4]. 
The stepwise 
change of the 
entropy deri-
vation  occurs  
as a result of 
compositional/

structural 
changes in 
liquid state 
when „semi-

evaporated“ 
particles form 
associates to 

individual 
linear 

oscillators. 
Above Tg,  from mechanical point of view the matter became composed  by the other type of oscillators 
than those existing under the  glass formation temperature . The notable increase of entropy above Tg 
is thus caused by growing number of newly formed non-linear oscillators endowed with the migrating 
focuses of their oscillations.  Note that the Czech notion’ kyselina mléčná  means galactic acid. 
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These types of entropy changes brought together by three distinct contributions have 

been experimentally confirmed in recent works of Johari [38]. Thanks to the reports made on 
the basis of PASCA experiments, the vacancies areas have a rather distinct dimension, which 
is larger than the van der Waals volume, but smaller than the 0.385-fraction of critical volume    
Vc of the each particle’s involved. Accordingly, the estimate of the enthalpy change can be 
connected with the semi-evaporated state. As shown by Hirschfelder [2], the total amount of 
evaporation enthalpy is required to produce an expansion of cavity to the level twice as high 
as is the particle diameter. As the first estimate for the energy (of void creation producing a 
cavity of the size of about 0.385 of the fraction of critical volume Vc) a proportionally smaller 
part of evaporation enthalpy, ΔHevap , can be used. Therefore, the assumption of  
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ΔHsemievap  ≅ ΔHevap /n 
 

where n stays from  2 to 4 (or even higher), is an agreement with the PASCA 
experiments as well as with the estimate of viscosity figured out by Eyring [39,40] and his 
coworkers.  

This reality was well understood by Goldstein [41] and furthermore applied in our 
approach [5,6,15,16,42,43]  when presuming that Tg transition is connected with release of 
vibration motion of monomer (or dimmer) units in a preferable rotational sense (such as the 
rotation of a benzene ring around the vinyl group in polystyrene chain [44]). Above the Tg 
area, the vacancy thus created can encompass a size larger than 10 Å3 typical for inorganic 
glasses associated with the substructure of SiO4. Below the Vogel temperature, the shift of the 
bottom of a potential well shaping the basis of diffusional motion appears in a much reduced 
manner taking part on a very limited distance (critically≤  1 Å , preferably along the boundary 
of freeze-in blocks). Consequently Buchenau [32] presumes only 10-5 tunneling states per 
atom and about 10-3 states connected to the boson peak at very low temperatures.  
 Remarkable shifts of the well bottoms occur with the onset the liquid state adjacent to 
vanishing shear modulus.  Disregarding the motion of side chains, then under Tg , the 
equation  for entropy simplifies to comprise merely of a vibrational  part so that the Kauzman 
paradox of negative entropy (the so-called “entropy crisis”) can never arise, because just one 
part of entropy literally disappears under Tg [42,43]. With disappearance of liquid state, only a 
part of entropy associated with the formulae (kB ln W semievap) disappears below Tg where for 
solid polymers the value of cp per atom is approximately “kB” or “2kB” and forms a sort of 
analogy to the Dulong-Petit rule for metals [92]. 
 
Table 1 : Some characteristic figures of various materials 
 
Brand name of 
polymer or type 
of the substance 

Approxi‐
mation of   
monomer 
polarize‐
bility  [ Å3] 

Linear 
length  of 
a domain 
for ~ 600 
segments  
in [nm] 

Linear 
length  of 
a domain 
for ~ 300 
segments   
in [nm] 

Linear 
length  of 
a domain 
for ~ 100 
segments   
in [nm] 

 Linear 
length  of 
a domain 
for ~ 20 
segments   
in [nm] 

Tempe‐
rature of 
glass 
transi‐
tion, Tg 
[oK] 

Polystyrene  11.6  1.90  1.52  1.04  0.61  353 
Polyisobutylen  7.2  1.62  1.29  0.89  0.52  198 
Polybutadiene  6.4  1.55  1.24  0.85  0.5  168 
Polyvinylacetate  8.0  1.68  1.34  0.92  0.54  298 
Polymethyl‐
metakrylate 

9.8  1.95  1.56  1.07  0.62  374 

SiO2  6.7  1.59  1.27  0.87  0.51  1473 
GeO2     7.6  1.65  1.32  0.91  0.53  957 
B2O3  4.4  2.05  1.64  1.13  0.66  523 
 
The molecular polarizibility, α, of a monomer can be calculated by simple adding up the tabulated 
polarizibilities of individual atoms [104, 105,] ultimately using empirical corrections in the line with 
Verköczy [6,106] such as  CCCCHCmolekul mn ≡= +++= ααααα  where αC = 1 Å3 for bonded carbon in 

chained organic molecules and αH = 0.4 Å3for hydrogen . Special attention must be paid to double and 
triple carbon bonds, if isolated, the former increases polarizibility by o 0.2 Å3 while the latter by o 0.4 
Å3 . Polarizibility of nitrogen is about 0.9Å3 and of oxygen about 0.8Å3 whilst two coupled free 
electrons (~NH3) bring an volume enlargement by 0.158Å3 .  
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18. 4.  Linear cooperative phenomena in the built-in blocks   

18. 4. 1. Limiting values of block time characteristic  
For limits of the time dependence, which is solicitous for a fastest time interval of 

retardation and/or relaxation, the time interval calculated from the sound velocity, νsound, is 

most relevant. For solid blocks it is about 10
5 

– 10
6 

cm sec
–1

 having the minimal length of 
acoustic waves,  λmin, which are determined by the mesh size, ro.  The relation 1/νmax ≅ τmin   
and νsound   λmin νmax, where λmin  ≅ 2Δ ro becomes relevant. Substituting from the value 
estimate (as outlined above) the maximum frequency, νmax = -   sec  -1  in the sample 

body, the fastest time of material response in block, τmin ≈ νmax

–1 
= -   sec can be 

obtained.  On behalf of the longest time characteristic of a given material we can take the 
typical time connected with the permanent displacement in series of elements inside of the 
block space to be bonded together through the elastic force  [5]. Ensuing from 
the subsequent text the most suitable number for  n ≅ 600 we can adapt the next table. (Note 
that for a particular choice of “n” value see explanative text of paragraph 18.4.2. below) 

1210

maxτ ≅

1310
1210−

2 τn

1310−

min

 
18. 4. 2. Estimate on the number of n-elements in the built-in blocks and, accordingly, on 
their size as related to the shear viscosity data  

Numerous predictions regarding the size of the blocks are reported in literature by 
various authors [13,50-56] based upon different experimental techniques. Focusing our 
attention in a direction not yet fully familiar for the block size estimate we can directed our 
approximations towards rheology searching for yet unfamiliar parameters. The first one is 
characterized by the number of linear elements in a block at which blocks start to be 
interconnected in shear flow and become open for mutual interference when producing a non-
zero contribution to the response of elastic shear module. A useful source of data, for the 
block’s interactions, is the measurements of shear viscosity when the data are obtained at zero 
velocity gradients (already acknowledged for almost forty years regarding different structures 
of polymer melts with various molecular weight values [57-59]). These data show one 
common feature: in the dependence of shear viscosity on the number of roughly monomer 
(acoustical [12]) units in a chain with X sequence. As the first instance, the X- number is 
small and remains below a certain limit (X ≤ Xc. where Xc ≈ 500 – 625) where the polymer 
melt is characterized by constant and gradient-independent viscosity. In this particular case 
the module of shear elasticity is zero, as well as the first normal stress difference remains 
zero, too. The macromolecules are smaller than the critical block size (X ≤ Xc) and the blocks, 
if subjected to shear flow, do not exhibit any mutual interference. A different level of 
viscosity, which rises upon a linear dependence on X, characterizes each polymer at this 
particular case. However, at the point when the critical value, Xc, is reached along the 
polymer chains, the changes in the rheological properties occurs. The block interconnections 
start to interfere through the overgrown size of macromolecules (cf. Fig.2.). For polymers 
with X ≥ Xc , the melt viscosity in reliance on shear gradient starts to possess a non-
Newtonian character as the gradient grows and the first normal stress difference starts to 
become an important flow characteristic. This effect is usually explained in connection with 
the chain entanglements, the concept of which was originally introduced upon sketchy 
pictures [44,60,61] (such as an evident phenomenon). On the other hand, the nature of 
couplings [60]) was left undeveloped resuming consequently an alternative in relation to 
account cooperative motions of molecular areas (also suited for the low molecular structures). 
The latter case corresponds more closely to a scheme presented herewith (cf. Fig. 2) being 
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supported by results of Achibat [70,71] when reporting a relationship between the domains 
and the entanglements. This model attributes the property of inter-blocks bonding either to the 
entanglements (as the individual blocks start to be interwoven by polymer network) or to the 
inflexible bonds of van der Waals type (or even to the bonds of a chemical nature). The inter-
block bonding has a consequence in the development of non-zero shear module. Although 
different polymers have different levels of viscosity (or else chain flexibility), different 
molecular weight exhibits different levels of normal stresses. The numerical value of Xc (for 
the blocks’ mechanical interference in shear flow) holds a universal character. Just quoting 
ref. [59], it subsists for polystyrene the value Xc = 600, for poly(vinyl acetate) Xc = 600, for 
polyisobutylene Xc = 500, for polydimethylsiloxane Xc = 625. If the level of critical 
interconnection is achieved in a linear sequence for polymers, the blocks become inter-bonded 
and get exhibiting the shear elasticity represented by shear modulus or by the first normal 
stress difference. Such elasticity created by flexible macromolecules stays entropy related. 
This type of interconnection has a “long distance character” relative to the block size and one 
single macromolecule can “over-bridge” several blocks, as well. In contrast to the blocks 
coupled by flexible macromolecules, the blocks can also be inter-connected by inflexible 
chemical bonds. This is the case for the low molecular weight substances under the crossover 
temperature. The blocks connected by inflexible bonds cannot be stretch to higher 
deformations and have to break up as the temperature is increased above Tcr. The inter-
connection of inflexible blocks reflects such a self-character toward the internal energy as 
related to the contribution of shear module under the Tcr.   

The other parameter not yet determined herewith is the crossover temperature itself. 
For the measurement purposes, the dependence of shear relaxation module on temperature in 
area of main phase transition can provide such a needed capture information [62,63] (cf. Fig. 
10 . For clarity reasons of having a better explanation within the text, some data of Schultz 
[59] for the main phase transition can provide such a desirable capture of information [62,63] 
(cf. Fig .10.). Alkonis [63] and Tobolsky [62] are exposed for an ideal illustration. The 
crossover temperature Tcr (cf. Fig. 10.) is determined on basis of the shear elasticity of 
relaxation module related to the internal energy. The value Xc can be determined by sourcing 
the zero gradient viscosity curves. At this level of internal connection the blocks start to 
interfere in their flow properties. At the temperature Tcr the characteristic domain size become 
estimable. For lower temperatures, T ≤ Tcr, the part of force responding to the external 
deformation has a component related to internal energy . Taking the approximate size of one 
oscillator unit in an interconnecting sequence from the expedient polarizibility values [64,65] 
and using the interconnection number of Xc  equal the typical 600, the characteristic size of a 
domain of about 6 cubic nm

 
is realistically obtained ( See Table 1). It is the most typical size 

of a sub-unit represented, for example, by pentane molecule (cf. § 18.7.1. and Table 2.). For 
the linear dimension of a domain following number 3√6

 
= 1.81 nm can be located. This seems 

to be in good agreement with the published values [13,50-56] obtained by different 
experimental techniques. As the polarizibility of molecules is a simple additive property, the 
domain size can be easily estimated from the polarizibiliy values of individual monomer units 
and from the Xc values, as hinted in Table 1.  

  
18. 5.  Source of diffusional movements on account of non-deterministic elements 
 

As shown in the previous text, the ensemble of low-amplitude vibrating particles can 
represent reciprocal types of materials in both glassy and crystalline states. It is assumed that 
the individual vibrating particles are localized in the non-linear potential valleys, Un , where 
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they perform oscillations attributable to the energy of thermal motion. The portrayal of a 
potential valley is shown in Fig. 5. Having the form of a pan in which the individual particles 
undergo linear mode of a vibration motion possessing the following fashion of potential 
valley, i.e., Un = Uo + (1/2) f  ξ2 ,  where ξ2 = (kB  T) /f and f  (= d2U/dξ2 > 0) , which is 
the coefficient of quasi-elastic force connected with a bulk compressibility modulus, K = 
f /ro [27, 87, 88].  The value of U0 is the reference level of internal energy, which can be 
taken equivalent to zero. The variable, ξ = r – r0 , endow with  the deviation from the bottom 
of potential valleys (from an equilibrium position) and  r0  is defined as half of the distance 
separating the bottoms of two potential valleys. kB is the Boltzmann constant. For liquids, the 
positional value of ro can be subjected to diffusion movements.  

⊗ ⊗ ⊗

⊗
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Fig. 8. Left: Illustration of a particle interaction characterized by non-linear oscillative motion within 
its surroundings (such as a liquid with zero shear modulus but with remaining web of bounding links 
inside certain areas-domains). Right: Similar example of a particle interaction but for the case of a 
solid with non-zero shears modulus and large-scale dimensional web of a macroscopic sample. 
Relaxation time for such a formed elastic structure with ” n “ as the number of linear elements linked 
in series is  , where  min

2
max ττ n≅ minτ  is the relaxation time of a single element of alone spring 

attached to a single friction center,  for real materials   [101]. sec1010 1213
min

−− −≅τ

 
For a standard harmonic oscillation, average ξ value would be zero while for 

anharmonic oscillation average ξ becomes comparatively shifted [27]. For a further non-linear 
form of potential valley the third order parameter enters the equation as (f g ⊗  ξ3)/3  where 
the parameters f , g  and c  depend on the distances of closets neighbors and can be 
determined from the experiments based on the values of  the thermal expansion coefficient 

⊗

⊗ ⊗ ⊗
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and/or of the specific heat [ 87, 88 ]. Hence the non-zero coefficient of the thermal expansion, 
α, and the heat capacity,  c p , reads as  

  
α = (1/ro)(g kB/f 2)  ⊗ ⊗

c p = kB {1+ (3c  /2f 2 +  15g 2 /8f ⊗ 3) kB T} . ⊗ ⊗ ⊗ ]
 
The expression for the potential valley has the extended form shown by Heuer and 

Spiess [12]. In order to deal with phenomena not customarily treated by solid state science, 
(such as boiling point, where the individual particles are escaping out of vibration modes) we 
have to suppose that even the individual parameters, U0n, , , will pass through the 
discontinuity. This case was particularly analyzed for phase transitions in our previous papers 
[5,6,15,16,25,43,72]. Many classical solutions for particle motion equations subsist, but as the 
coefficients of these equations start to be time dependent (or even going through a 
discontinuity) the solution has to be handled through a completely different technique of so-
called theories of deterministic chaos [17-22,73-77]. The characteristic situation, which is 
corresponding to the potential well uplift as well as the agitated particle life termination, are 
schematically shown on Fig. 4. and 5., where the discontinuity in parameter U0n is 
schematically depicted, too. The most common feature of these high non-linear oscillators is 
the S-shaped double-value amplitude with attributable bifurcations points where the vibration 
amplitude changes its value drastically (cf. Fig. 4).  As the consequence, the amplitude jump 
is followed by the particle “push-aside” effect, which increases the overall volume of sample 
(see Fig. 8. bottom). The components are subsequently relaxed through the displacements of 
particles in linear blocks (also Fig. 8.). For a long time, the relaxation fashion in linear blocks 
is mathematically described in an exactly mode leading to rationally described series of 
relaxation times [5]. These blocks are the actual source of continuity of particles´ micro-
displacements and predictability of mathematical solutions. However, just a contrary behavior 
accommodates for highly non-linear particles, where the trajectories in phase space depend on 
starting parameters of the system [17-22,73-77,110-112]. The trajectories for these particles 
are obtained mostly through numerical solutions. However, two differentially separated points 
in phase space are leading to completely different trajectories. The most important 
conclusions, which follow up from the introduction of non-linear elements and which have an 
explanatory nature are following. There will not survive any identical motions of two non-
linear oscillators in the sample. The two almost identical starting positions (defined by r  and 
m(dr/dt) and respective by r0n and m(dr0/dt))  will not lead to the identical trajectory in 
coordinates of position  r and momentum (m dr/dt), neither to the equal displacements in r0n. 
This attribute is the general feature of non-deterministic theories of chaos [73,17,77].  

⊗
nf ⊗

ng

Therefore and furthermore voids created whilst the particle undergoes the amplitude 
switch, will not have regular shapes, positions or ordinary lifetimes and will not occupied a 
regular space volume, too. It is possible to observe at Figs. 4., 6. and 8., which is revealing 
that the average sizing of voids above Tg are substantial, reaching the values exceeding 
100Å3. Thus, the non-deterministic character of glassy transition stems from the presence of 
non-linear oscillators effective in the liquid system at T≥Tcr and throughout the non-
deterministic character of oscillation extinction, when the system is cooled down to below Tg. 
The volume of the whole sample will depend on the thermal history of experimental processes 
performed. The irregular separation of particles in glassy state is thus a factual necessity. As 
the solid material softens and the non-linear vibrating particles make steps towards their 
existence in vacancies, the different mathematical views has to be inaugurated. The non-linear 
particle will perform the vibrations within a certain limiting cycle [17-22,73-77,114] and will 
be characterized with a certain limiting or average values of occupied volume. Considering 
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the non-linear particles, the vacancy volume or the energy associated with vacancy formation 
can be estimated. To form the vacancy space, the local free volume, which is smaller than 
critical volume (or even smaller than that indicated by the Caillet-Mathias line [1,2,39,40] for 
liquid phase) must be created. Also the energy comparable with fraction of evaporation 
enthalpy is needed. The sample is considered to be under an external pressure Pext with a 
movable responding surface level (see Fig. 8.). For temperatures T Tcr the size of a locally 
created free volume indicates the validity of approximation, U = ΔHevap/n , where “n” is the 
ratio of critical and van der Waals’ volumes (

≥

42−≈n ). On Figs. 4, 5 and 8 there is exposed 
the ideal formation of vacancy by the action of symmetrical well getting restructured through 
a sudden annihilation of high amplitude oscillation. For T≤Tcr the effect of an elastic bridging 
has to be equally considered. For an elastic body and for a spherical shape of vacancies, 
Frenkel [27] gives the formula for the elastic energy, W, of vacancy erection in the form of W 
= 8π G ro Δro

2, where Δ r0 , is the size of a void opening and 0r  is the approximate radius of a 
particle. Combining simultaneous action of an elastic force with a viscous force we get the 
expression for energy increase of the well potential bottom uplift in the temperatures range, 
T≥Tcr , i.e., U = ΔHevap/n + W.  Under a non-regular character of phase trajectories it is 
assumable that the freeze-in points due to bridging must have a spatially irregular character. 
Freeze-in bridges need not be the sites with lowest possible energy and thus the glassy state 
need not be the state with the minimum of internal energy (metastability).  

 
 

18. 6.  Energy associated with the bottom uplift of a potential well participating in             
viscoelastic structures 

The ‘push aside’ process, which is depicted in Fig. 4, has been studied intensively 
mentioning our previous papers [5,6,15,16,42,43,72]. Mathematical solutions describing the 
non-linear particle motion were applied to liquid systems. These solutions are available in 
classical form, for some cases of non-linear systems (cf. Appleton [82], Martiensen [81]). 
Referring to Joos [91] we can anticipate that the process of amplitude switch in vibration 
mode must be sudden, thanks to the S-shaped character of the amplitude curve (see Fig. 4.). 
Creation of a void with a vibrating particle indoors (illustrated in Fig. 4.) is supposed to be 
connected with changes in the shape of potential valley and thus with the variation of 
parameters inherent in the differential equations characterizing the motion of non-linear 
oscillators. It reveals a stepwise change in the parameter U0n of an excited state of the given 
particle associated with a sudden disappearance of its high amplitude. Referring to Figs. 4. 
and 5. and  9., the process of a vacancy opening and its sudden closing is connected with the 
displacement of a well bottom by distance λ . This λ  distance is factually a diffusion step 
connected with diffusional motions of non-linear particles. These particles are able to reach a 
higher amplitude level. The double values of functions authoritative for vibrational amplitude 
construct the focal point of perception of non-linear particle movements. The major difference 
between our approach [5,6,15,16,42,43,72] and that of Eyring et al.[39,40] is concealed  in 
time sequence and,  in fact, that vacancy in our approach, is actively formed by the feat of 
vibrating particle vicinity.  We assume that the vacancy is formed through switching in the 
particle amplitude and a subsequent diffusion step can be made by way of the ensuing 
vacancy closure Linear particles within blocks in Figs 2, and 5 (with the exception of the 
block’s surface) do not encompass the option of double amplitude. Under Tg temperature, the 
particles in blocks are undergoing additional displacements of the bottoms of potential wells, 
however, the changes in U0n,, r0n , are considered to be differentially small almost approaching 
zero.  
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Fig. 9. Nonlinear course of the potential valley, given by the function ( )xV , which is shaped by the 
particle swinging within neighborhood. Left above is shown the example of a symmetrical potential 
valley formed as an operate distortion while below is the asymmetrical representation. Portrayal of 
the potential, U, with a side variability can be assumed as being time dependent U  [17,110-
112] and can be interpreted in the relation with Brownian motion common liquids, see right bottom. 
When assuming a diffusion step of the length, λ, the shape changes of potential valley, which enables 
the particles´ jumping [17,110-112], ordinarily proceed in a fluid state above the crossover 
temperature, Tcr. The product of diffusion, D, viscosity, η, and cross-section capture, σ, divided by the 
liquid temperature and the Boltzmann constant, kBT, is constant and about 5times lower than the unity 

[30,31] (approximately 

( )tU=

171.0≅
Tk

D

B

ση
).  Replacing cross-section capture, σ, by shift due to the 

particle interaction, λ, the equation is modified to its more generalized form [30,31], which, 
moreover, helps to elucidate the associations allied with the crossover temperature region. 

These locally and spatially isolated “mini-displacements” come out in spatially limited 
sites (just inside blocks) linked with the secondary and/or third-order degrees of dissipations 
of energy maxims (with following text). Except negligible exemptions of block displacements 
(cf. Figs. 2. and 8.) the deformation of elastic solid blocks is characterized by the modulus of 
glassy state. This is not applicable for those particles laying in-between blocks and on the 
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block surfaces, which undergo displacements with the diffusional step, λ  , as follows from 
Figs. 5 and 8. For the summative displacements inside the blocks applies the addition to all 

differentially small displacements in the form of λ=ΔΣ
= n

N

n
r01

 characteristic for the diffusional 

λ-macro-step. Thus the diffusion in liquids has to bear two components attached in series. 
Only the particles in blocks carry substantial friction and elastic forces in the present model. 
Non-linear particles play the role of source of erratic movements in continuum and are acting 
as “demiurges” of diffusion movements, while the linear particles are providing us the 
information about the forms of energy dissipation and about the relaxation times series. 

Various modifications of potential valleys are shown in the above Fig. 9. They are 
reliant on a plausible extension of diffusion step λ via reallocating the particle across several 
indistinctive potential minims revealing that as a certain “slip” effect often inaugurated during 
diffusion above the temperature Tcr. However, below Tcr the restriction of diffusion length 
toward the lower values is anticipated due to the operative interference with shear modules. 
   

 
Fig.10. Instructive 
determination of the 

crossover 
temperature, Tcr, 
from the 
experimental course 
of relaxation 
modulus (depicted 
on the vertical axis) 
in the main 
intermediary zone. 
The graph provides 
the typical track of 
relaxation modulus 
for an ordinary 
polymer – 

polystyrene 
exhibiting two 
molecular weights, 
M. Individual 

characteristic 
temperatures are 
determined from the 
curves at 
temperature region 

between 
[62,63] and the crossover temperature is ascertained by extrapolation 

of the modulus curve, which enlargement is associated with the energy changes due to prolongation. 
As has been explained in the paragraph 18.4.2., the value of X represents the unit sequence with index 
c referring to its criticality Xc . Symbols “a” refers to glassy zone and “b” refers to a 
rubber-like plateau while the symbol “t” confers to a time-shift for the different time recording of 
experiment.   Please note also that rubbery zone provides a link with the entropical elasticity and 
appears only for high-molecular substances while at the case of low-molecular substances is missing 
[98- 100 ] (compare Fig. 3.) and herewith is not accounted for. 
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18.  7.  Structure of liquid state at higher temperatures when depicting the growing 
number of voids  

 Underlying principle for fluidity of the liquid phase above Tcr is located in the absence 
of shear modulus. Moreover, liquid keeps on their modulus in compression until critical 
temperature Tc while retaining its certain “structural shape up”. Above this temperature the 
centers of molecular oscillatory motion disappear and the motion of particles is then defined 
in the coordinates associated with the boundary of its gas storage space (container boundary) 
and/or with the room space of an external observer. In Fig. 11., the examples of liquid 
structure are revealed in connection with standard state equations in order to complete the 
previous interpretation related to overlap of vibrational amplitude to the region of higher 
temperatures, T  ≥   Tcr , cf. previous Fig. 4. and 8. 
 

vvv

 
Fig. 11. Illustration of the inter-connected web of structural units revealed at various temperatures 
situated near critical temperature. Such an example is a pertinent concretization of preceding Fig. 
4.specified for various state equations representing the structure of non-linear oscillators at the 
critical temperature, again. Upper, left: 3D-structure corresponding to the Dieterici equation at Tc 
[83- 86], which critical volume equals 2b and is often used to underline the critical state of helium 
(with the second constant of allied state equation).Upper, right: Approximate structure at the boiling 
point where the holes compos about 23 % of the total volume of liquid [15].  Bottom left: Structural 
model at Tc according to the Peng- Robinson equation [85] suitable for the description of most 
organic compounds with the critical volume Vc  = 3.9 b and the number of holes exceeding that of 
particles in the ratio higher than 1:2. Bottom right: Structure of Van der Waall’s liquid [84] at critical 
temperature Tc. Increment of voids responsible for the interruption of a given phase in the vicinity of 
Tc when the number of voids exceeds that of particles in the ratio 1:2 and critical volume is  Vc  = 3 b. 
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18. 7. 1.  Polarizibility of molecules determining the critical volume  
Polarizibility represents the volume response of electron cloud of atom or molecule 

against the effect of a week external electric field (where under the notion “week” is meant 
the electric field of much smaller intensity in comparison with the electric interaction of the 
nucleus with orbiting electrons). For some organic molecules it is illustrated in the following 
table 2., which gives important information that at most compounds the volume allocated to a 
molecule at a critical temperature is about 50-55 times larger than the volume of its 
polarizibiliy.   
 
Table 2: Some characteristic accounts for selected compounds.  

     Substance  Critical 
volume [cm3]  

AvmolekulyC NV α55≈
molekuly

  

  Polarizibility 

α  [Å3] 

Note [Å3] =  10-24 cm3   

 Critical volume 
divided by 55  
as related to 
the polarizibility  

AvN
Notes: 
Remarkable 
deviations from 
the average value 

    ethan          148          4.47        55.1  
    propane          200          6.3        52.8  
    butane          255          8.2        52.1   
    pentane          311        10.0        51.9  
    hexane           368        11.9        51.9  
    water            45         1.45             51.5  
    ethanol          168                   5.41          51.7  
    propanol          220          6.74        54.4  
     acetone          213          6.4        55.0  
     Methyl-  
propylketon 

         301          9.93        50.5  

    propion acide          230          6.9         55.5  
    butter acid          290          8.38        57.6  
   methylacetate           230          6.9        55.5  
      HCN          139                   89.3 Upper anomalies 
     methanol          117           59.0         „  
      toluene          316                   44.4 Foot anomalies 
     p-xylen          378          45.8          „ 
      benzene          260          41.6          „ 
     naphthalene          408          38.7          „ 
 
It follows that at the critical volume is the average volume related to a single molecule described by 
the value equal to about fifty times of the relevant volume of electron cloud of each molecule [105]. 
The table provides beneficial estimate on critical volumes and basis of polarizibility, which has 
correlation not only to critical volume but also dielectric constant, density of cohesion energy and so 
mutual solubility of liquids and its refraction index [104].Upper deviation shows possible 
interconnection of molecules lasting up to the critical temperature (e.g. ( )3CNH ). Bottom deviation 
for aromatic compounds reveals a certain orientation or better a mutual approach of the “face-to-
face” arrangement. It is worth noting that polarizibiliy is a decisive parameter adjacent to the notion 
of liquid state because liquid cannot bears a greater volume than is its critical volume. The least 
volume of liquid follows from approximations used in the state equation, which consequently provides 
the adjacent volume of resulting glass.  
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 Polarizibility of a molecule can be calculated by a simple adding of the contributions of 
individual atoms [104,105] whilst it is important to follow deviations both upwards (HCN) or 
downwards (naphthalene) occurring due to the orientation of aromatic nuclei at the molecule contacts. 
 
18.  8.  Alpha process and beta slow processes  

For both the explanatory reasons and the basis of simplicity, we have provided our 
illustrations using only examples of translation forms of diffusion displacements. However, 
the rotational forms and the orientation forms of diffusion displacements in the angular 
coordinates, ψφ ,  , ( which signify rotation around the chemical bonds)  possess the 
equivalent importance (see Fig. 12 - left). It was Bueche [44] and consequently Eisenberg 
[95] as well as Boyer [113,115] who correctly explained the origin of so-called β -slow 
processes connected with the orientation and side chains movements. (see Fig. 12 .). His 
explanations were similar to as much later on gives Rossler [101-103], Vogel,  Rossler and 
coworkers [89, 67-69], related β  slow process on Arrhenius a non-Arrhenius thermal 
relaxations.  According to other authors [44-47,101], the reorientation motions of molecules 
are associated with a secondary beta- relaxation taking place in super-cooled liquids. We 
should note that besides the slow β-process some literature unveil fast β-process, which, 
however, is not accounted for  herewith though having some particularities such as time 

slowβfastβ ττ ≤≤≤

mimfast

 is rather shorter in turn of several orders and involves processes 
ττ β ≈ . Relaxation time slowβτ  is much longer due to the limited mechanical succession 

of bonding elements.   
 Another mechanism, which cannot be excluded, is associated with an explanation 
given by Johari and Goldstein [41,49,109] who suggested that the β -slow processes are 
connected with the “islands-of-mobility” persisting even under Tg. Both approaches seems be 
acceptable. In our approach, however, the α  process is connected with an infinite number of 
structural network “inter-connections”, which directly contribute to the elastic shear modulus 
under Tcr. As the structural skeletally networks of the macro-sample are formed under 
cooling, two different polymer motion are freeze-in at Tg . Namely we speak about either the 
rotational diffusion around chemical bonds at polymer chains and translation motion within 
certain macro-scale. It follows that one type of diffusion can become structurally deficient or 
better is bypassed and disappears at lower temperatures or can proceed simultaneously with 
the α-process. Thus some elements, which participate in β -slow processes, are structurally 
bypassed and below Tg. are considered as still mobile, Therefore they cannot contribute in a 
full extent to the  shear modulus increment within Tg area and adhere them self fully to the 
elastic network, which forms the whole sample. This is evident at Fig. 12 , reproduced from 
the ref. Eisenberg and Bueche [44,95].  
 The n-number of elements connected by α-process is rather unspecified or better is 
only restricted by the sample dimensions. Chaining and interconnecting of the elements, 
which compose the α  process go imaginary toward infinity under forming rigid viscous-
elastic web of a solid sample.  For the β -slow-process, the limited interconnection of joined 
elements, “n” is restricted inside of blocks (cf. Fig. 2.) by limited number of particles in linear 
block’s sequentionality. Thus the basic reciprocal temperature dependence of β -slow 
processes is often expressed by prime line of Arrhenius relation [50, 67-69,101-103,] as the 
temperature declines under Tg temperature. In this region the ability to have controlled motion                     
of blocks through elastic network is for β-process different than that for α-process. 
Considering the variable inter-connection, the number “n” brings an additional point to the 
perception of differences of alpha and beta relaxation processes .The relaxation times, τ , of 
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components with decreasing temperature (for the α -process ) increases up to infinity as a 
result of enormous growth of elements in the relaxation series [ ] [5,6]. min

2 ττ n≅

 The accrual of relaxation time τ due to the increment of number of elements “n” is the 
main reason for the disposition of shear modulus during cooling below Tcr . For the α-process 
the number of n-elements can increase up to infinity when an elastic web inside the sample is 
accomplished. Below Tcr the cause of relaxation time increase, below Tcr ,is the strengthening 
of mechanical interconnection of network connections, cf. Fig. 8. On the other hand, the β-
slow process is different because the interconnection characterized by “n” is adjusted at a 
relatively minor value n1 = const., just composed by several units. Only for some exemptions 
“n” can reach a higher values and such a fragment have no other choice than to behave 
Arrhenian. With an increase of the environs density, which is surrounding mechanically 
interconnected friction centers, the whole aggregate behaves adequately frictionally. For the 
β slow process the elements growth terminates with the interference of blocks’ boundary below 
Tcr  as a consequence of dawdling of n- numeral, which is exhibited by a standard Arrhenius 
relation upon decreasing temperature. For this reason slow,βτ   is not increasing along with the 
escalating collection but follows mere Arrhenius growing trend at decreasing temperature. 
 

CC

A

A,

Cl

  

Fig. 12 . Left: Primary illustration of the creation of secondary maxima displayed for poly-m-
chlorostyren by Bueche [44] showing its interrelation with the motion of the local groups of 
molecules as well as with the rotation around various axis given by the sub-units [90] . Right: 
Interesting maximum of inhibition is noticed by Eisenberg [95 ] and referred to Heijboer [96], Anet 
and Bourn [97] who associate secondary maxima with deflecting the pan of side chain ring so called 
„chair-chair-flip“. According to Eisenberg [95] it occurs, for example,  under Tg temperature for the 
side group of cyclohexyl regardless if the main chain is constituted by methacrylate or other polymer 
with different characteristics (with Tg  in the region of  ± 50 C). Freeze-in of cyclohexyl brings a 
definite secondary maximum below Tg of its own polymer.       
   

18.9. Boson peaks and the „Angel’s fragility“– a correlation between two of vastly 
separated temperature-judicious areas 
 
 In conclusion we can present a brief reflection about the possible nature of maxims of 
energy dissipation at ultralow temperatures - so called boson peaks. Recently, this area is 
intensively followed namely in connection with the sensitivity of material viscosity decrement 
at the main intermediary zone. It is worth noting that the mode of viscosity or the module 
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decline with increasing temperature in the Tg vicinity is incorporated into the expression of 
illustrious Angel’s fragility, see ref. [108]).  According to Novikov [106] , Surovtsev [11,107] 
and Angel [108] it seems be possible to interconnect by a suitable correlations the region of 
ultralow temperatures (5-10 K) with the regions laying well above Tg and approaching Tcr ,  
as to obtained some information about the nature of the processes associated with the motion 
of particles causing the boson maxims. Because the rate of the viscosity decrement in the 
main intermediary zone correlates with the lost of elasticity, it is possible to say that to the 
existence of boson maxims contributes such elements which are surviving on the domain 
interfaces. These places are the holders of the higher energies of internal energy which can be 
released to ultralow temperatures for non-linear motion.  

Because the activation of vibration activity at low temperatures (5-10 K) is associated 
with the extent of the boson peak maximum bringing the later influence on the temperature 
dependence of viscosity above Tg (i.e. for the higher-temperature material flow) we have 
focus our attention to the particles which give rise to bonds holding the domains together and 
which factually form the web for shear strength of materials. The authors are accepting this 
approach though not yet fully comprehended in general because it is logical explanation for 
amorphous material behavior below Tcr when viscosity and onset shear elasticity is reliant on 
the quality of mutual domain interconnection showing the important role of inter-domain 
molecules responsible for the significance of linking and exhibiting their higher internal 
energy. 

Using the above presumption on the coexistence of two structures interconnected via a 
nonlinear oscillatory motion we can arrive to the configuration of non-regularly ordered 
phase, which in the rigid state we can generally call glass. Overlapping of amplitude for 
nonlinear vibrations causes a non-regular and erratic Brown motion universal in all liquids. 
Non-regularity and inestimable trajectories of nonlinear vibrations provides its portrayal in the 
structure of glassy state, too. Transfer from liquid to solid is accompanied and also 
characterized by a sharp increase of shear modulus, which may enlighten the nature and help 
localization of the motion associated with the existence of boson dissipation maxims and 
consequently illuminating the nature of glass transformation.  
 The structural characteristics of many important glasses and melts (like silicates, 
borates, aluminosilicates, halides and chalcogenide) are drawn in more details (using the 
results of recent spectroscopy and scattering experiments) by Greaves and Sen [117] as well 
as other concepts extension of the dynamics of the glass transition from the supercooled liquid 
in order to understand the solid-state amorphization of crystals under temperature and 
pressure and to determine the thermodynamic limits of the crystalline and glassy state [116-
118]. 
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19. VISCOSITY, DIFFUSION AND ENTROPY:  
A NOVEL CORRELATION FOR GLASSES 

 
Isak Avramov 

 
19. 1. Introduction 

 
Unlike the basic thermodynamic equations, the main relations of “kinetic” properties 

of the systems can be derived in the framework of some models only. This is valid for 
viscosity, for diffusion coefficients, for characteristic times etc. Therefore, some uncertainty 
is always present in equations expressing these properties. Here, we demonstrate this 
comparing diffusion, self diffusion and viscosity. According to the Stokes-Einstein  law [1], 
diffusion coefficient of any particle of radius r is inverse proportional to viscosity  

 

ηBr
TkD B=      (1) 

where kB is the constant Boltzmann and B is a dimensionless shape parameter. According to 
the absolute rate theory [2,3] the numerical coefficient is B= 2 while the Stokes formula gives 
B= 6π. As soon as Eq.(1) was derived for hydrodynamic motion, it is reasonable to test 
whether it is applicable at an atomic scale [4]. To do this Eq.(1) is rearranged to the form 
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Fig.1 Arrhenius plot of viscosity, in [dPa.s] (open points and left scale) and self-diffusion 
coefficient, in [cm2/s.K] (solid points and right scale) of SiO2 in Na2O 2SiO2 glass according 
to experimental data published in Refs.[5,6]. 
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In Fig.1 we compare viscosity data [5,6] (open points and left scale) of Na2O 2SiO2 glass and  
on self-diffusion data [5,6] of SiO2 (solid points and left scale). It is seen that they go together 

reasonably well. The product 1.02.12lg ±−=⎟
⎠
⎞

⎜
⎝
⎛

T
Dη  is in reasonable agreement with the 

expected 13lg −≈⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

oBd
k  value. This is an indication that, for self diffusion, Einstein law is 

still valid. However, the situation is different when we compare viscosity to diffusion 
coefficient of smaller and faster moving ions. Fig2 compares viscosity of Na2O 3SiO2 (open 
points) and diffusion coefficient [5] (solid circles and open triangles) of Na+ ions. Not only is 
the activation energy of the two properties different. The difference is both quantitative and 
qualitative. The activation energies are not only different; they depend in different way on 
temperature. According to viscosity data this glass is quite fragile. However, the activation 
energy controlling diffusion is constant. The analyses of experimental data unambiguously 
demonstrate that the lower limit is the self-diffusion coefficient, i.e. the smallest particles for 
which this equation holds are the main building units of the systems. When particles are even 
this size they move faster and does not follow Eq.(1). Different models must be created to 
describe self-diffusion and diffusion as discussed in the following chapters. 
 
19. 2. Mean stay time and mean jump frequency 
 
 There is a widespread fallacy that the mean stay time <τ> is determined by the mean 
activation energy <E> according to.  
 

RT
E

oeττ
?
=      (3) 

 
If f(E) is the probability distribution function that activation energy barrier of height E will 
appear, then, in continuos case,  the average activation energy is given by: 
 

( )∫
∞

=
0

dEEfEE      (4) 

On the other hand, the mean stay time (and the mean jump frequency) could be 
determined [7,8] in two different ways: 

( ) ( )∫=
max

0

E

diff
dEEfEττ   resp. 

dif
diff τ

ν 1
=   (5) 

or  

( ) ( )∫
∞

=
0

dEEfE
visc

νν   resp. 
visc

visc τ
τ 1

=   (6) 

 
It is important to note that 

diffvisc
νν ≠   as well as  

diffvisc
ττ ≠ . Therefore, determining 

certain “kinetic” properties it is of crucial importance whether we use Eq.(5) or Eq.(6). 
Meanwhile, the use of Eq.(4) is always wrong.  
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19. 3.  Diffusion of fast moving ions 
 
We already demonstrated that in the glass-forming systems, the diffusion coefficient 

of small, fast moving ions,  is not controlled by the Einstein equation.  These ions do not 
belong to the main network of glasses. Instead, they are known as network modifiers. So, they 
move along certain “channels” of the main network. For each kind of ions, the barriers in the 
channels are distributed according to particular probability distribution function f(E). The 
motion rate is determined by Eq.(5) where Emax is the height of the maximal energy barrier 
that is inevitable to overcome. The successive jumps are strongly correlated and the motion 
from the origin to a distant area is a typical problem of percolation theory [9-11]. Therefore, 
in [9-11] it was suggested to define the critical activation energy Ec (the maximal height of 
barrier that is to be overcome moving along the channels) as the upper limit of the integral of 
the probability distribution function f(E) 

    
∞=∫ c

E

pdEEf
c

0

)(     (7) 

There are (see for instance [12]) a number of estimations of pc
∞. Here we use the formula 

 

   ( )Zpc 1−Δ
Δ

=∞
      (8) 

 
where Δ is the dimensionality of the space and Z is the average number of ways along which 
ion could leave a given position. It was found [7,8,13,14] that for most of the inorganic 
glasses Z≈ 10, so that for the three dimensional space pc

∞≈ 0.15. The upper limit of pc
∞ is 

determined by the assumption that the SiO4 tetrahedra determine the number of channels as 
Z= 4, i.e. pc

∞= 3/8. 
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Fig.2 Viscosity of Na2O 3SiO2 (open points and left scale) and diffusion coefficient of Na2O 
(solid points, open triangles). The solid line is according to Eq.(18); data are from Ref.[5]. 
 

416



19. 4.  Percolation and nucleation 
 
When nucleation kinetics is considered, percolation theory plays an important role in 

two ways. First, as we already demonstrated, it determines the diffusion coefficient. Second, 
nuclei are formed preferentially in “floppy” regions of the glass. Although these regions could 
be considered as density fluctuations, it is important to follow the local number of oxygen 
bridges BO per network former. Most of the glass forming systems is well described by the 
continuous-random-network model of Zachariasen [15]. Finney and Bernal [16] describe the 
glass structure by means of Voronoi polyhedra. Gupta and Cooper [17] used distorted 
polytypes to describe the structure of glass forming melts. The concept of average 
coordination number <r> is an important logical step in this line. According to Mott [18], the 
coordination number of covalently bonded atoms is given by the 8-N rule, N being the 
number of outer shell electrons. It can be connected to the constraint counting concepts of 
Phillips [19,20] and Thorpe [21-22]. It was shown in ref. [22] that the network is becoming 
rigid if the mean coordination (in the case of oxide glasses the number <n> of bridging 
oxygen per network former [23,24] ) exceeds a critical value 4.2=cn . As soon as the 
network consists of SiO4 tetrahedra, the percolation threshold at which network switches from 

rigid to floppy is 6.0
4
4.2

==cp .  

Although for <n> >2.4 the glass is rigid, there remain some floppy regions. 
According to the percolation theory (see for instance [23,24]), the size R of the floppy region 
determined by the intermolecular distance do and the concentration p of the oxygen bridges as 
follows: 

 

   
( )υ

cr

o

pp
dR

−
=          (9) 

 
with: υ = 0.85 for three dimensional systems. If the size R of the floppy region is smaller 
than the size r of the critical nucleus, the crystallization cannot start. Fig.3 shows the 
dependence of the floppy regions (solid line) on the concentration of oxygen bridges p 
determined according to Eq.(9). This dependence was tested experimentally [23,24]. First we 
study [23,24] fully reduced fresnoite  (BaO)(Ti2O3)0.25(SiO2). This composition is floppy, i.e. 
p < pc. When cooled at 10 K/min it crystallizes at 35 K below the melting point. A series of 
fresnoite samples with p > pc were cooled at the same cooling rate. If the network was floppy, 
they should crystallize at about the same undercooling.   

However, the size of the critical nucleus is larger than the size of the existing floppy 
regions. The crystallization cannot take place and cooling continues until the size of the 
critical nucleus is becoming smaller the size of the floppy regions. As the size of the critical 
nucleus can be determined directly from the undercooling at which crystallization starts, it 
can be compared to the size of the floppy regions determined by the percolation theory 
(Eq.(9)). The solid points in Fig.3 are sizes of the critical nuclei determined [23,24] from 
cooling experiments. 
 
19. 5.  Viscosity 
 

The self-diffusion and viscosity concern the motion of the main building units of the 
system. These particles do not see a network with channels to move along. The network is 
created by them, so it changes wit a rate comparable to the rate of motion of the investigated 
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particle. Therefore we are at situation when Eq.(6) is to be applied. Note that frequency 
decays exponentially with the activation energy.  

  ( ) ⎟
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kT
Eexpoνν E      (10) 
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Fig.3  The size of the critical nucleus (the number of molecules in radius r/do ) against <n>. 
The solid line is according to eq.(9). The dashed lines is empirical. Qalitatively it accounts 
that even in the floppy region there still remains a slight dependence of the diffusion 
parameter on the number of oxygen bridges. 
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Fig.4 Equilibrium (solid points) and non-equilibrium (open points) of viscosity of of a 
standard soda-lime silicate glass NBS710. Lines are according to Eqs.(18,28) 
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At first site it seems that one problem is replaced with another: instead of creating a model for 
determining the average energy barrier  <E> the model deals with the determination of f(E). 
However, there is one very important advantage: Since ν decays exponentially with the 
activation energy, of significance for the integral is only the low energy part of the probability 
distribution function. Therefore, a sufficiently accurate result can be obtained easily. This is 
because most of the probability distribution functions differ near the maximum but are getting 
together away from the maximum. If the jumps are considered as a sequence of independent 
events the probability distribution function is represented by Poissonian law 
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The average jump frequency is obtained introducing Eqs.(10,11) into Eq.(6)  
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For  RT<σ<Emax., the term to the left of νo , as compared to the exponential term on the right-
hand side, is a weak  temperature function of the order of unity. Therefore, one can use the 
approximation: 

   
σ
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 Eq.(13) is of little use, unless dispersion σ  is expressed through some known and 
easily measurable variable. There is a strong relationship between the dispersion σ  and the 
entropy S of the system:  
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ZR
SS g

g

2
expσσ     (14) 

 
Here σg is the dispersion at the reference state with entropy Sg and Z/2 is the degeneracy of 
the system, i.e. Z is the number of escape channels available for the moving particle and each 
channel can be used in two directions. Taking into account that viscosity is inversely 
proportional to the mean jump frequency the viscosity can be expressed through Eqs.(13 and 
14) as: 
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where lgηg is viscosity at the reference state. Note that ∞ηlg  is larger the preexponential 

constant oηlg  determined in other models. The reason for this is a term 
RT
σ  coming from 

Eq.(13). For this reason it is expected that 5.1lglg +≈∞ oηη . It is convenient to choose as 
reference state ambient pressure and temperature Tg at which viscosity of system in 
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equilibrium is  lgηg=13.5 [dPa.s]. In this way Tg is always within the glass transition interval 
and could serve as thermodynamic definition of the glass transition temperature. Note that 
glass transition interval is the region where relaxation time is becoming comparable to 
observation time. Therefore other definitions of Tg depend on the applied method as well as 
on the heating (cooling) rate. The proposed here definition is universal and never deviates by 
more than ±1.5% from the one determined measuring the onset of the changes of a given 
property with heating (or cooling) at reasonable rates. This is a good example how the proper 
choice of the reference state helps to reduce the number of adjustable parameters.   
 Equation (15) is the main viscosity expression. It permits to follow the temperature 
dependence of viscosity as well as the dependence on pressure and how viscosity change if 
system is not in equilibrium. To do this it is sufficient to introduce in Eq.(15) the dependence 
of entropy on the corresponding variables. It is quite natural to try to express S as logarithmic 
function of temperature and/or pressure. Thus, the temperature T dependence of entropy can 
be presented as: 

~T

T
pr TdlnCSS(T)

g

∫+=      (16) 

So, we apply the most frequently used approximation that heat capacity is temperature 
independent, i.e. Cp is the average value for the interval between Tg and T. Under this 
assumption, the entropy of a melt in metastable equilibrium is becoming: 
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The temperature dependence of viscosity is obtained introducing Eq.(17) into Eq.(15) 
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where %105.13lg ±≈=
∞η

ηgA  and the ”fragility” parameter F stands for: 
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When F=1 viscosity gives a straight line in Arrhenian coordinates, indicating that glass is 
strong. The larger is F the more fragile is the glass. Note that there is a simple relation 
between the Angel’s fragility parameter m and the present one because m=AF. 

The pressure dependence of entropy can be expressed by means of Maxwell relations 

through the volume expansion coefficient 
PT
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  in the form: 

        (20) 

where Vm is the molar volume. An explicit form of the dependence of κ on P is needed to 
solve Eq.(20). Although there are no data in the literature, it is reasonable to assume that at 
extremely high pressures κ  will reduce in a somewhat inversely proportional to pressure P 
way, namely: 
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where Π is a constant and κο is the volume expansion coefficient at no pressure. In this case 
the solution of Eq. (20) leads to: 
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So that, for P1<<Π,  the viscosity equation (22) yields: 
 

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎟
⎠
⎞

⎜
⎝
⎛

Π
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
≈

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+Π
+Π

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

Φ

∞

Φ

∞
P

T
T

A
P
P

T
T

A
F

g
F

g 1expexp
1

ηηη   (23) 

 

where 
p

momo

C
VF

ZR
V κκ

=Π=Φ .  

 The model becomes more sophisticated if the temperature dependence of 
compressibility coefficient is taken into account. 
 

In the glass-transition region the experimental time scale becomes comparable with 
the time scale for structural rearrangements. The relaxation time increases sharply when the 
temperature is lowered further on. In this way the structure is fixed, so that the state of the 
system becomes nonequilibrium one. In this case viscosity is derived bearing in mind that 
fictive temperature Tf  is the temperature at which the system with the particular structure will 
be in equilibrium. Basically, the entropy of undercooled melts splits into two parts: 
configuration entropy ΔS, and vibration entropy Svibr. Respectively, the entropy of 
undercooled melts is Cp = ΔCp + Cgl. According to Eq.(15) in Arrhenius coordinates the slope 
Le of log η against 1/T  is  
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If configurational entropy is fixed, in the same coordinates, the nonequilibrium 

viscosity will have a slope Lg given by   
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So that the ratio of the two slopes is 
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The frozen in structure is best described by the fictive temperature Tf.   Below the 

fictive temperature Tf  the configurational entropy ΔS is fixed (i.e. ΔCp vanishes), so that S can 
be determined as 
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Taking into account Eq.(27) the nonequilibrium viscosity is given by: 
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The dimensionless power γ is proportional to the ratio of the heat capacity Cgl of the glass and 
the heat capacity of the undercooled melt Cp. 

p

gl

C
C

F=γ     (29) 

 
 In agreement with experimental evidence, the model predicts that in Arrhenius coordinates 
(see Fig.4), the ratio between the slopes of the lines of nonequilibrium and equilibrium  
 

viscosity, is equal to the ratio 
p

pp

p

gl

C
CC

C
C Δ−

= at the break point Tf.  

 
Equation (18) describes the temperature dependence of viscosity with accuracy 

superior to all other models [25]. Data on parameters controlling the temperature dependence 
of viscosity of number of substances are summarized in Table 1. Data on parameters 
controlling the pressure dependence of viscosity are summarized in Table 2.  
 
 

Table 2 Parameters for pressure dependence of viscosity 
 

Substance Π MPa Φ F/Φ 

glycerol 900 0.7 3.9 

di-butyl phthalate 200 0.87 3.8 

orto therpenyl 300 2.35 2.7 

polymethylphenylsiloxane 499 4.33 1.74 
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Table 1 Viscosity parameters 
 

Substance lgη∞ Tg   [K]  F
SiO2^ -5 1430 1,2
Li2O.2SiO2 0,96 719 3,43
2 Li2O.8 SiO2 -0,07 734 2,21
3Li2O.7 SiO2 0,53 708 3
5Na2O.95SiO2 -3,8 911 1,3
13Na2O.87SiO2 -2,7 839 2
15Na2O.85SiO2 0,45 752 1,7
Na2O. 3SiO2^ 1,46 726 3,2
Na2O.2SiO2 0,8 716 3,2
2 Na2O.8 SiO2 0,1 735 2,27
3 Na2O.7 SiO2 0,65 711 2,85
4 Na2O.6 SiO2 0,57 678 3
4 4Na2O.56SiO2 0,28 655 2,9
2 K2O.8SiO2 0,42 751 2,5
3K2O.7SiO2 1,37 703 3
Li2O 4SiO2 -- 717 -- 
Na2O 4SiO2 -- 741 -- 
K2O 4 SiO2 -- 771 -- 
Rb2O 4SiO2 -- 781 -- 
Cs2O 4SiO2 -- 804 -- 
BaO.2SiO2 -1,5 962 3,25
3 PbO.7SiO2 -0,06 743 3
3 .5PbO.6.5SiO2 0,53 754 3,25
4 PbO.6SiO2 0,66 726 4
4.6 PbO.5.4SiO2 0,32 673 3,8
PbO. SiO2 -0,03 659 4
5.5PbO.4.5SiO2 -0,2 635 4,3
6PbO.4SiO2 -0,3 627 4,9
97 8B2O3 2 17SiO2 1,38 520 3,25
94B2O3 5 95SiO2 1,29 525 3
89 3B2O3 10 7SiO2 1,45 527 3
51 6B2O3 48 4SiO2 0,6 582 1,5
44 6B2O3 55 4SiO2 -0,02 682 1
216Na2O.9CaO.70SiO2 0,8 777 3,2
19Na2O.9CaO.72SiO2 0,4 784 2,9
21Na2O.7CaO.72SiO2 0,5 769 2,9
33Na2O.17CaO.50SiO2 -4,54 732 3,2
17Na2O.33CaO.50SiO2 -2,57 821 2,77
(CaO)0.423(Al2O3.)0.083(SiO2) 0.494 -0,7 1043 4,18
(CaO)0.439(Al2O3.)0.083(SiO2) 0.456 -0,7 1057 4,36
(CaO)0.461(Al2O3.)0.105(SiO2) 0.413 -0,7 1065 4,4
(CaO)0.479(Al2O3.)0.127(SiO2) 0.373 -0,7 1075 4,61
(CaO)0.505(Al2O3.)0.147(SiO2) 0.330 -0,7 1084 4,62
(CaO)0.351(Al2O3.)0.164(SiO2) 0.498 -0,7 1066 3,83
(CaO)0.385(Al2O3.)0.151(SiO2) 0.441 -0,7 1075 4,05
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Substance lgη∞ Tg   [K]  F
(CaO)0.405(Al2O3.)0.174(SiO2) 0.395 -0,7 1089 4,25
(CaO)0.427(Al2O3.)0.225(SiO2) 0.348 -0,7 1093 4,4
(CaO)0.459(Al2O3.)0.247(SiO2) 0.294 -0,7 1104 4,56
(CaO)0.428(Al2O3.)0.143(SiO2) 0.428 0,88 1056 4,77
CaO. Al2O3. 2SiO2 -2,06 1105 3,5
3CaO.Al2O3.3SiO2 0,88 1055,6 4,77
Na2O. Al2O3. 6SiO2 -8,58 1012 1
30Na2O.70SiO2 -- 735 -- 
44Na2O.56SiO2 -- 669 -- 
2Na2O.1CaO.3SiO2 -- 742,3 -- 
B2O3 0,94 512 2,73
13 5Na2O.86 5B2O3 -1,68 689 3,25
33 3Na2O 66 7B2O3 -1,1 753 5
6Li2O.94B2O3 0,1 612 4
13.9Li2O.86.1B2O3 -0,7 695 4,25
33.5Li2O.66.5B2O3 -1,5 744 4,5
19.5K2O.80.5B2O3 -0,16 675 4
24.4K2O.75.6B2O3 0 677 4
18BaO.82B2O3 -0,97 790 4
23.9BaO.76B2O3 -0,9 826 4,5
33PbO,67B2O3 -2,9 718 4
PB2:PbO.2 B2O3 0,09 780 9,5
Li2O. P2O5^ 0,18 578 5,5
Na2O. P2O5 0,43 544 5,5
5Na2O.95GeO2 0,11 695 2,25
10Na2O.90GeO2 -0,13 743 4,5
29.6Na2O.70.4GeO2 0,43 710 6,5
20PbO.80GeO2 0,33 716 4,25
30PbO.70GeO2 0,66 679 6,25
40PbO.60GeO2 0,25 715 5
50PbO.50GeO2 0,33 626 5,25
5Na2O.10MgO.10Al2O3.75Si -1,77 1016 1,85
10Na2O.10MgO.10Al2O3.70S 0,21 979 2,5
15Na2O.10MgO.10Al2O3.65S 1,26 961 3,5
20Na2O.10MgO.10Al2O3.60S 1,27 899 3,5
10Na2O.10MgO.5Al2O3.75Si 0,4 933 2,42
10Na2O.10MgO.80Si -0,43 828,5 2
95Pb1Si,3B2O3 -- 613 -- 
94PbO1SiO2,3B2O3 -- 618 -- 
70Pb10Si,20B2O3 -- 539 -- 
70Pb18Si,12B2O3 -- 548 -- 
65Pb2.9Si,30B2O3 -- 563 -- 
65Pb2.8Si,30.5B2O3 -- 580 -- 
64Pb2.8Si,31.5B2O3 -- 586 -- 
63Pb2.8Si,28.5B2O3 -- 596 -- 
62Pb11Si,26B2O3 -- 575 -- 
60Pb13Si,26B2O3 -- 566 -- 
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Substance lgη∞ Tg   [K]  F
60Pb24Si,16B2O3 -- 574 -- 
56Pb15Si,39B2O3 -- 607 -- 
51Pb30Si,19B2O3 -- 608 -- 
40Pb20Si,40B2O3 -- 662 -- 
40Pb36Si,14B2O3 -- 634 -- 
31.8Pb22.7Si,45.5B2O3 -- 670 -- 
31.5Pb41Si,27.5B2O3 -- 672 -- 
23Pb46Si,31B2O3 -- 692 -- 
21Pb26Si,53B2O3 -- 702 -- 
17Pb63Si,20B2O3 -- 743 -- 
15Pb70Si,15B2O3 -- 752 -- 
14Pb52Si,34B2O3 -- 712 -- 
12Pb29.5Si,59B2O3 -- 692 -- 
Polystyrene^ -0,2 359 8
glycerol -1,19 450 4
glucose -0,99 515 6,25
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20. TRANSDICIPLINARITY OF DIFFUSION INCLUDING ASPECTS 
OF QUASIPARTICLES, QUANTUM DIFFUSION AND SELF-

ORGANIZED  REACTION PERIODICITY 

 

Zdeněk Kalva, Jaroslav Šesták, Jiří J. Mareš, Jiří Stávek 

 

20.1.  Historical introduction: Fourier ‘s heat transfer and the Laws of Fick and Ohm  

In the 1850s, J.C. Maxwell [1] initiated convincing investigations into the mechanical 
theory of heat. He argued that the velocities of point particles in a gas were distributed over a 
range of possibilities that were increased with temperature, which led him to predict, and then 
verify experimentally, that the viscosity of a gas is independent of its pressure. In the 
following decade L.E. Boltzmann began his investigation into the dynamical theory of gases, 
which ultimately placed the entire theory on firm mathematical ground. Both men had 
become convinced that the novel notion of entropy reflected molecular randomness. Maxwell 
expressed it in such a characteristic way: “the second law of thermodynamics has the same 
degree of truth as the statement that, if you throw a tumblerfull of water into the sea, you 
cannot get the same tumblerfull of water out of it back again.” These survived as seminal 
notions that a century later led to the field of non-equilibrium thermodynamics [2]. 

Although in 1764 L. Euler had already formulated a mathematical theory for 
convection in fluids, for the 19th Century scientists the subject of heat transfer had to begin 
with the simple notations of Newton’s laws of cooling [3] (even if we now consider it rather 
unimportant in comparison to his other works on mechanics and optics). We may repeat „the 
greater the outer conductivity and surface of a cooled solid body the faster is its cooling. On 
the other hand, the body’s thermal inertia, given by the product of its specific heat and mass, 
slows down its cooling“. It, however, did not yet distinguish between different modes of heat 
transfer. Perhaps, that was how ‘irreversible heat flow’ acquired its unpleasant moral 
connotation where the term ‘dissipation’ was often taken synonymous to ‘intemperate or 
vicious mode of living’. Nonetheless, the natural behavior of heat entails a distinction between 
past and future or even illustrates extrapolation to an ultimate heat death of the Universe [4]. 

In 1818, P.-L. Dulong introduced an improved law of cooling, and A.-T. Petit 
suggested that a body absorbs and emits heat at the same time. In 1860 it was J.C. Maxwell, 
who borrowed from R.J.E. Clausius the concept of the mean free path traveled by a molecule 
from one collision to the next, and who introduced the modern view that heat conduction is a 
special case of a general transport process of which diffusion and viscosity are parallel 
examples. The T4 term was later found to fit the corrected Dulong-Petit data leading to the 
gradual establishment of the renowned Stefan-Boltzmann law of radiation. The study of 
temperature distribution was initiated by J.B. Biot, showing a method for determining the 
relative thermal conductivities λ between two well-connected metallic bars of similar shape 
that are put under a steady heating of their join (λ being de facto thermal diffusivity, the term 
used by Kelvin as a).  

Perhaps the most important contribution came from J.B.J. Fourier [5], who in the year 
1822 judged thermal properties in more details and summarized them in (the later renowned 
Fourier's) Law of heat conduction in the form of  
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 q = - λ s ΔT/Δx t.       (1) 
 

 It states that the amount of heat, q, which passes through a surface (as a cross section) 
s, in time, t, is proportional to the temperature difference, ΔT, per given length, Δx (i.e., to the 
unite temperature gradient of 1 degree per 1 meter). The proportionality constant λ stands for 
the standard coefficient of thermal conductivity while a = λ/(cp ρ) expresses thermal 
diffusivity where cp is the specific heat capacity and ρ is the specific mass. It complies 
agreeably with the generalized physical observations of one-dimensional heat flow that results 
from the temperature non-uniformities, i.e., heat flow and temperature gradients are exactly 
opposite one another in direction, and the magnitude of the heat flux is directly proportional 
to this temperature difference.  

It is clear that we ought to understand generalized heat flux, q, as a quantity that has a 
specified direction as well as a specified magnitude. Fourier’s Law summarizes this physical 
experience succinctly as q = - λi ∇T , where the generalized 3-D temperature gradient, ∇T, is 
represented  by three (i,j,k) - dimensional derivatives. Namely it provides that  ∇T  = i∂T/∂x + 
j ∂T/∂y + k ∂T/∂z where the standard thermal conductivity can now be instituted to depend on 
both the position and temperature, i.e.,  λi = λ{(i,j,k)(T)}. Fortunately, most materials are 
nearly homogeneous so that this relation simplifies to mere λ = λ (T) and for a one-
dimensional flow is further simplified to the plain difference ΔT/Δx. It is evident that λ may 
vary from one substance to another, which is accounted for, in part, by varying electron and 
photon conductance. According to empirical evidence, there is one feature that substances 
have in common with one another, which is that λ is always a positive constant. Obviously, it 
makes intuitive implication no less than if the molecular concept of temperature is invoked, 
the heat (as kinetic energy at the microscopic scale in another sense) tends to flow from the 
regions of high internal energy to the regions of low internal energy. This is consistent with 
the above mentioned description that heat flow is opposite to the gradient direction of 
temperature (being also consistent with the laws of thermodynamics [2]).  

Fourier’s Law has several enormously important consequences in the related but other 
category of physical behavior, such as that of mass transfer, called diffusion. It was introduced 
by a young pathologist A.E. Fick [6] in his fundamental article “On Diffusion” (published in 
Zurich 1855), who described the mass flux, J, of a (first) dilute component, 1, into a second 
fluid, 2, which stays proportional to the gradient of its mass concentration, m1. Thus we have, 
J = - ρ D12 ∇m1 , where the proportional constant D12 is the binary diffusion coefficient and ρ 
is density. While recognizing the boundary conditions the mathematical solution of basic 
Fick’s equations was pioneered by J. Stephanm (1879) sourced on the preliminary but rather 
unfamiliar work of Scottish chemistry professor T. Graham (on diffusion studies of salts in 
water, 1833) [7]. Thermal dependence of diffusion coefficient was introduced by S. Arrhenius 
(1891). The idea of self-diffusion was already mentioned by Maxwell but seriously analyzed 
by G.K. von Hevesy in the year 1921 [7]. Phenomenon of irregular motion of small particles 
suspended in a liquid was described by R. Brown (1828) later correctly explained by A. 
Einstein (1905).   

Despite Fick was amazingly an experimental physiologist (well known for monograph 
on “Medical Physics”) his work on diffusion became noticeably theoretical and his approach 
would be called today as a phenomenological (liner-response) theory applied to mass 
transport. He started observing “diffusion in water confined by membranes is not only one of 
the basic factors of organic life, but is also an extremely interesting physical process and, as 
such, should attract much more attention than it has so far”. As a matter of fact the carrier 
particles involved in their current have to flow against the concentration gradient, which is 
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analogy with the Fourier’s Law for heat flow and the Ohm’s Law for electric current. 
Assumingly, Fick`s phenomenological hypothesis  missed, however, the probabilistic point of 
view that is central to statistical mechanisms and it was A. Einstein, who fifty years later 
derived the diffusion equation from the postulates of molecular theory, in which the particles 
involved move independently under the influence of thermal agitation.  

An important corresponding relationship is that of the electrical analogy. Let us 
consider Ohm’s law  as the description the flux of electric charge, I/A, by means of the 
electric current density, Je = - σ ∇V, where σ is the electric conductivity, V is the voltage, I 
are the amperes of electric current and A is an area normal to the current direction (vector). 
For a one-dimensional current flow we can write Ohm’s Law as Je = - σ ΔV/Δx. Because ΔV 
is actually the applied voltage, E, and Re is the electric resistance of the wire resistor equal to 
Δx/(σ A), then, since I = Je A, the equation becomes the standard form of Ohm’s Law, V = Re 
I. The previously written formula, Δx/(σA), thus assumes the similar role of thermal 
resistance, to which we give the analogous symbol, Rt, and which shows how we can 
represent heat flow through the slab with a diagram that is perfectly identical to a similar 
electric circuit. By using analogous solution we can find further generalized descriptions for 
the diffusion of electrons, homogeneous illumination, laminar flow of a liquid along a 
spherical body (assuming a low-viscosity, non-compressible and turbulent-free fluid) or even 
the viscous flow applied to the surface tension of a plane membrane [8]. 

It is important to observe that within phenomenological theories any flux can be 
generalized as kind of the dissipation function, Φ. Thus it can be written as a sum of all the 
thermodynamic fluxes, Ji, and their conjugate forces, Xi, i.e., Φ = ∑i Ji Xi . The fluxes are 
unknown quantities in contrast to the forces, which are known functions of the state variables 
and/or their gradients. It has been found experimentally that fluxes and forces are interwoven, 
i.e., a given flux does not only depend on its own conjugate force but may depend on a whole 
set of forces acting upon the system as well as on all thermodynamic variables (T,P,..). 
Various fluxes can be thought of the rate of change of an extensive variable, Xi , i.e., Ji = 
∂Xi/∂t. Conjugate forces are identical in form to the phenomenological flow equations shown 
above and can be expressed, close enough to equilibrium, in the linear form of the so called 
Onsager relations [9], or    

 ∂Xi/∂t = Ji = ∑k Lik Xk        (2)  

where the constant coefficients, Lik , are called the ‘phenomenological coupling coefficients’. 
Written in this fashion, thermodynamic forces are thus differences between the instantaneous 
and equilibrium values of intensive variables (or their gradients). For example the difference 
(1/T - 1/Teq) is actually the thermodynamic force conjugative to the internal energy, which is 
factually the familiar Fourier Law, i.e., q = - λi ∇T or Stokes Law, i.e., pv = - 2 η ∇v (where η 
is the viscosity and ∇v is the complex velocity through a continuous fluid. The traditional 
Fick’s Law is then obtained by the condition set up when working at a constant temperature 
and pressure, while Ohm’s Law requests supplementary constraints provided that the 
magnetic induction and all couplings are ignored. Similarly we can predict a linear 
relationship between the rate of advancement of a chemical reaction and the affinities, which, 
however, is correct only within a very narrow domain around equilibrium. Extended 
knowledge came in the new field of irreversible and rational thermodynamic [2,10-12].  

 
20.2. Non-stationary heat diffusion and the generalized Schrödinger equation 
 

In general, any of these phenomena involves the movement of various entities, such as 
mass, momentum or energy, through a medium like fluid or solid, by means of virtue of non-
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uniform conditions existing within the medium [7,12-14]. Variations of concentration in the 
medium lead, for example, to the relative motion of the various chemical species present, and 
this mass transport is generally referred to as diffusion. Variations of velocity within a fluid 
result in the transport of momentum, which is normally referred to as the viscous flow. 
Variations in temperature result in the transport of energy, which is a process usually called 
heat conduction. Besides the noteworthy similarities in the mathematical descriptions of these 
three phenomena; all three often occur simultaneously in physical manner. In the case of 
combustion, where a flowing fluid but viscous mixture is undergoing chemical reactions that 
produce heat, which is conducted away producing various chemical species that inter-diffuse 
with one another. 

Description of a more frequent, non-steady progress [7,14] requires, however, the 
introduction of second derivatives. These are provided by a three-dimensional control of a 
finite region of a conducting body with its segmented surface area, denoted as s. The heat 
conducted out of the infinitesimal surface area ds is (-λ∇T)(k ds), where k  is the unit normal 
vector for the heat flux, q = -λ∇T. The heat thus generated (or absorbed) within the 
underneath region, v, must thus be added to the total heat flow into the surface, s, in order to 
get the overall rate of heat addition. Therefore, we need integration and, moreover, the rate for 
the increase of internal energy, U, for the given region, v, which is granted by the relationship, 
dU/dt = ∫v {ρ cp (∂T/∂t)} dv, where the derivative of T is in the partial form (because T is a 
function of both, v and t). Applying Gauss’s theorem, which converts a surface integral into a 
volume integral, we have to solve the reduced formula of the form, ∫v {∇. λ∇T - ρ cp (∂T/∂t)} 
dv = 0 

Since the region, v, is arbitrary small, the integrand must vanish identically so that the 
heat diffusion equation in three dimensions reads, ∇. λ∇T+ dq/dt = ρ cp (∂T/∂t). If the 
variation of λ with T is small, λ can be factored out leaving a standard but a more complete 
version of the heat conduction equation (i.e., the second law of Fourier) ∇2T  =  (1/a) (∂T/∂t), 
where a is the thermal diffusivity, and the term ∇2T ≡ ∇. ∇T is called the Laplacian and is 
arising from a Cartesian coordinate system (i∂/∂x + j ∂/∂y + k ∂/∂z) (i∂T/∂x + j ∂T/∂y + 
k ∂T/∂z) = i∂2T/∂x2 + j ∂T2/∂y2 + k ∂T2/∂z2. This is the standard second order form of the heat 
equation showing that the change of temperature over time is proportional to how much the 
temperature gradient deviates from its linearity. In the other words, the bigger the 
protuberance in the temperature distribution, the faster is its compensation.  

However, its mathematical solution is complicated and is not the aim of this text [10-
14]. Just as an example, let us consider a massive object of temperature To (at the initial 
conditions of T{x,0} ) that would affect the temperature of its environment, Tc. The solution 
in time, t, and space distribution x gives solution in the form, T(x,t) = Tc + (To - Tc) Φ 
[x/2(kt)1/2], where Φ stand for the Bessel functions, usually available from tables or advanced 
computer simulations but not so easy to work with at all.  

The fact that the second form of Fourier Laws bears a general structure of a 
distribution law is thus worthy of special note [15,16]. The significant reciprocity can be 
found for the famous Schrödinger equation when taking into account a diffusion process as 
something fundamental [8,12,15-21] and intimately related to light and matter (close to the 
physical intuition of R.P. Feynman [8]). It is usually written in its simpler form as  

 dψ/dt = κ Δψ        (3)  

where ψ is the wave function, κ= i c’, where i stays for the standard complex number 
and c’ is an ‘imaginary’ diffusion constant.  

Attempts to think about diffusion in a more general way were repeatedly done [15-21] 
and the imaginations of new types of diffusion already surfaced previously.  For example, the 
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basic equation of quantum mechanics introduced by E. Schrödinger (1887-1961) can be also 
considered as a diffusion equation for a diffusion of amplitudes of probability to find a 
particle in the special place and time. Schrödinger discovered his equation to support the idea 
of universality of the dual, particle-like and wave-like, character of matter. New interpretation 
of the Schrödinger equation (when suggesting diffusion of probability amplitudes) is mostly 
known from the lectures of R. Feynmann [8] given few years after Schrödinger’s discovery. 
The fundamental ideas of Feynmann’s argumentation are possible to localize even few years 
before Schrödinger`s discovery in connection with the search for the “nature’s natural 
numbers” suggested by R. Steiner in his lectures (given in Berlin 1920 for scientists and 
teachers [16]) yielding formally the same equation as done by Schrödinger. 

The important difference is that the constant κ has to be a real number for the case of 
normal diffusion (or thermal conductivity) and κ is an imaginary number in the quantum-
mechanical interpretation. In the first case the letter ψ  is the normal density (or the heat flow) 
while in the second case ψ is related to an amplitude of probability that the quantum particle 
is possible to find in the specific place x within a specific time t. It is worth noting [22,23] that 
Steiner progressed during searching for the nature of natural numbers even further and 
considered using as the constant κ the hyper-complex number. He suggested that in such a 
case the equation (3) could be useful in biodynamic [24].  

The different paths along which diffusion with an imaginary diffusion constant occur 
do not necessarily lead to the toting-up of the observed effects but can, instead, result in a 
destructive interference. This is asymptotic for a new phase in physics, intimately related to 
the mathematics of complex functions. It describes diffusion as probability amplitude from 
one point to the next along the line [25]. If an electron has certain amplitude to be at one 
point, it will proceed a little later to have the same amplitude at a neighboring point. The 
imaginary coefficient makes the behavior completely different from the ordinary diffusion 
equation such as the equation that describes gas spreading out along a thin tube - instead the 
real exponential solutions the results are revealed in complex waves [26,27].  

Physics, however, has already gone one stage beyond the complex numbers in order to 
describe weak and strong interaction in elementary particle physics (non-abelian gauge theory 
that uses „hyper-complex“ numbers-multivectors, by working, for example, the SU(2) theory 
of particle quantum flavor dynamics [28]). Such hyper-complex mathematics of diffusion 
may be related to the realm of life, however, yet too complex to be solved, nevertheless, 
recently applied, at least, to the kinematics of a human knee [24]. The complex diffusion 
problem can also be recollect in the view of the substrate-bound (Maxwellian-like) 
understanding of light, deeply rooted in the world view of many physicists even today, as well 
as to Steiner’s view of electricity as light in a certain ‘submaterial’ state [29]. Of course, there 
are now domains of physics, which are unthinkable without hyper-complex mathematics, for 
example, the physics of elementary particles [25,28].  

 
20.3.  Heat as quasiparticles and further concept of diffusion transdisciplinary  

Diffusion [7,8,12,14,15,22,23] is an appropriate example to illustrate possibility of 
transdisciplinary scientific attitude. Diffusion is possible to encounter in many scientific 
disciplines, but the content of concept could be surprisingly different. Diffusion of gas 
through a membrane is the usual type of diffusion. On the other hand, the diffusion view to 
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magnetocaloric effect (MCE) is usually comprehended as a nonlocal and noncoherent transfer 
of energy between two different types of “quasiparticles” (such as magnons and phonons1).  

MCE can be considered as a specific type of heat diffusion but certainly much less 
usual [22,23,30-33]. It is not the traditional flow of heat through a sample but the transfer of 
energy accomplished at the same time in the whole volume of magnetic material. Such 
process cannot be described just by a normal procedure of heat diffusion through a real 
body/space. For MCE we need to consider some other, more sophisticated, type of diffusion 
and one of possible suggestions could be diffusion in the space based on the wave vectors.   
 We think that a contemplative synthesis of above mentioned modification of diffusion 
can enrich the present knowledge and interpretation. After this general introduction we shall 
turn our attention in the following paragraphs towards the particular concepts of diffusion: 
magnetocaloric efffect (MCE) and Belousov–Zhabotinsky reactions (BZR).  

Description of heat fluctuations by the usage of quasiparticles is mostly known from 
the theory of solid state. Generalizations to extremely diluted media such as ideal gas are 
difficult but with certain precaution nevertheless possible. 

In the solid state is possible to imagine the creation of standing waves from the 
originally local perturbation.  Local movement   perturbation by an external force is in solid 
state materials transformed into the increase of the heat content.    Local movement of atoms 
made by a perturbation is immediately changed into a collective excitation. The local change 
of position of atom   is transformed into the wavelike moving through the sample. Waves are 
reflected on the Boundaries of sample and interfere with waves going in opposite directions. 
Result of such interference procedures is the survival of waves with the wavelengths 
compatible with the geometry of o the sample in mathematically simple relations (for 
example  L = λ/n  where  L is the dimension of the sample and n= 1,2,3 ...) 

To speak about wavelike quasiparticles in the gas alone is, however, difficult because 
of processes on the boundaries of container. Atoms of gas are absorbed on the walls of 
container for relatively long time. The time spent by collisions processes inside a gas 
container is much shorter than time spent by the absorption contact with the boundaries of 
container and the correlations of directions for incoming and reflected  atoms are relatively 
random.  

Nevertheless, we think that the tendency to speak about heat as something like 
quasiparticles is plausible idea and it is possible to find it by founders of thermodynamic.    
The sentence “the heat i a movement” does not mean a kinetic energy of atoms but  some kind 
of vibrations.[34] 

This subject has encompassed a wide attention in various studies including thermal 
processes, e.g., [35-37] or comprehension of superconductors, e.g.,[37-41].  

 
                                                            
1 Scientific definition of so called quasiparticles would stay as a low energy excitation of a 
system, possessing a set of quantum numbers and/or well-defined expectation values of certain 
operators (position, charge, momentum, angular momentum, energy) often associated with isolated 
particles. In such a view phonons are the quanta of classical sound waves and sound waves do not 
need the notion of atoms while magnons are the quanta of classical spinwaves, which also do not need 
elementary spins. Photons inside isolator are the quanta of classically dressed electromagnetic waves 
and do not need the notion of electrons for the definition of the refractive index. Plasmons are the 
quanta of the plasma oscillations and they only need both the charge and mass density and no 
electrons or ions. Polarons are the quanta of the oscillating polarization in a lightly doped 
semiconductor and also do not need elementary charge or mass. Normals modes of vibration are 
assumed to undertake the progression through a crystal. 
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20. 4.  Magnetocaloric effect 
 
The study of magneto caloric effect (MCE) has now become important particularly 

from the technological points of view, which, in the last decade, has initiated the boom aimed 
to its deeper investigation [31-33] The search for materials with a high enough MCE within 
technologically interesting temperatures intervals is impressive. 

 As we already said that MCE is the special type of diffusion and can be seen as a 
transfer of energy between collective excitations of magnetic and elastic structure of 
materials. The behavior of collective excitations can be effectively represented by 
quasiparticles [22], which are the product of formalism of the second quantization 
characterized with the quantum of energy necessary for their creation (and with their wave 
vector). In the case of the weak magneto-elastic interaction MCE is a transfer of energy 
between the magnons and phonons. In the case of stronger (but not very strong) magneto-
elastic interaction the energy flows between such comprehended quasiparticles that, however,  
are only similar to magnons, and phonons and thus may be called as quasimagnons and 
quasiphonons. However, the situation in the field of superconductors is different2, the details 
of which lies beyond our passage [41]. 

Our study of MCE will be here restricted on the adiabatically-isolated systems. The 
entropy is supposed to be composed from the contribution of both the magnons and the 
phonons. The requirement of constant entropy provides us with the functional dependence of 
temperature as a function of varying external magnetic field. It is, however, not the only way 
how to arrive at MCE. For example, we can consider the degree of correlation in the system 
describable by Green’s functions as a constant parameter. The dependence of Green’s 
function on temperature and magnetic field can be than used for finding of MCE. 

The growing interest for MCE has consequence impacts to various sciences. For 
example, in mathematics there are tested new mathematical tools – even beyond the scope of 
classical mathematics. We believe that better and more interesting results concerning MCE 
could be reached with the help of hyper complex mathematics – quaternions or multivectors, 
which are now reappearing in physical applications. 

 
20.4.1. Some modeling aspects of MCE. 

We already published some results of our modeling of MCE [22,31,32]. Some 
supplementary remarks are included in order to sketch the modeling procedure in order to 
make the following text about diffusion and phase transitions more comprehensible. Our 
calculations were done by a standard Heisenberg method of commutation of magnon and 
phonon operators with the Hamiltonian. It provided us with equations for time derivations of 
quasiparticle operators (in the Heisenberg representation). We obtained 8 equations with more 
than 8 unknown operators. Our decoupling (simplification approximations) included the 
                                                            
2 Quasiparticles in superconductor [39-41] are trickier to assume than in other materials. Landau's 
quasiparticles in normal metals are simply dressed electrons having their non-interacting density and 
usual Coulomb charge. One can say that only their velocity on the Fermi surface is modified by the 
interaction. In contrast, a charge of a quasiparticle in the superconductor depends on its momentum 
being electron-like above, hole-like below and smoothly crossing zero at the Fermi level. Its velocity 
is modified so thoroughly that it changes its sign at the Fermi level. In spite of these two changes, each 
quasiparticle yields the same electric current as a free electron of equal momentum. This is particularly 
striking for quasiparticles at the Fermi level which has zero charge and zero velocity. The density of 
quasiparticles in the superconductor is not fixed but exponentially freezes out. Within the quasiparticle 
picture, this freezing is responsible for residual currents, i.e., for the superconductivity itself.  
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neglecting of nonlinear terms. The condition of solubility of our system of homogeny 
equations gave us secular equation of 8th order for the energies for 8 quasiparticle modes. We 
decided to expect two quasiparticles modes of magnon type, with the quadratic dependence of 
energy on wave vector, and 6 quasiparticle modes of phonon type with the energies 
depending linearly on wave vectors. The approximate diagonalisation of our Hamiltonian was 
possible only for some special directions (parallel and perpendicular to the anisotropy axis) 
and we received for those directions analytical terms for corresponding quasiparticle energies.  

The usage of a proper mathematical formalism is very important. For the study of 
MCE it appears to us as that a most suitable approach is the formalism of quasiparticles. We 
expect that such an approach is intimately connected with the physics of relevant 
thermodynamic procedures [22,23,31,32]. The application of the method of second 
quantization to the mathematical modeling of MCE has, however, some partial problems. 
Crucial is the proper choice of the Hamiltonian, especially the choice of the term 
corresponding to the magnon-phonon interaction. We are trying now to find a better 
mathematical expression for the contribution of magneto elastic energy in the special 
materials. In connection with it appears to us as promising an exploitation of hyper complex 
mathematics. We turned our attention, for example, to the indexes of annihilation and creation 
operators for magnons and phonons. As indexes of creation and annihilation operators for 
magnons are usually used vectors, but it seems to us that, especially in the case of magnons, it 
is worth of trying to use some higher multivectors–for example bivectors. The same can be 
valid for quasiparticle operators describing the collective excitations of vortexes in 
superconductors of second type. The usage of proper higher multivectors makes formalism 
more transparent for important physical connotations and also it is possible to avoid some 
confusion – for example the peculiarity of polar and axial vectors.  

Our Hamiltonian (H) was composed from three parts: magnon term, phonon term and 
the magneto-elastic term Hm-e describing the magnon-phonon interaction. For the letter term 
we have used the simplest mathematical expression combining together the elasticity of a 
crystalline lattice and magnetic moments. We supposed that the magneto elastic energy is 
proportional to the numbers of interacting quasiparticles, i.e., :Hm-e = gMiMkuik (where g is 
magneto elastic constant, uik is tensor of deformation for positions i and k). 

In our modeling of MCE we considered only the case of thermally isolated material 
(adiabatic isolation with the constant total entropy of the system) and it had to be done 
numerically. We used the standard formula for entropy of quasiparticle gas [31,32] 

 
             Ѕ =  ∑α ∫k,α   {(1+nk,α )ln(1+n k,α ) – n k,α ln(n k,α)}k2 dk.   (4) 

 
The change of particular entropy terms made by an application of external magnetic field had 
to be compensated by the change of temperature. S is the total entropy for the system of 
quasiparticle modes,  n k,α  = n k,α  (T, H)  are the numbers of quasiparticles which are  the 
functions of temperature T and the external magnetic field H. Index k denotes the wave vector 
and α is the index of quasiparticle mode (quasimagnons or quasiphonons). 

The self-consistent numerical calculations provided us with the temperature for which 
the total entropy of system is unchanged and equal to the total entropy before the application 
of magnetic field. The dependence of this temperature on external magnetic field T= T(H)  
than provides the actual MCE. 

In the vicinity of some magnetic phase transitions our modeling predicts not only the 
increase of MCE but also the change of its sign. Our modeling included also the study of 
crystalline anisotropy of materials illustrated in Fig.1. The energy of our quasi phonons 

 
435



 

depends on the transversal or longitudinal speed of sound and we found the local extreme of 
MCE for the ratio of longitudinal and transversal speed of sound cl / ct near the value 1.4. We 
were happy to see that this number corresponds to the value realistic in specific materials. 

Our calculated quasiparticle energies are approximately valid only for the small values 
of wave vectors, but this constrain is compensated in the process of numerical calculation 
because the qusiparticles with the bigger wave vector have also relatively higher energy and 
therefore the probability of their appearance exponentially decreases.  In our modeling the 
quasiparticle energy should be small in comparison with the thermal energy per atom (~ kBT 
where kB is the Boltzman constant and T is the temperature) and therefore our calculations do 
not fit for very low temperatures. Actually, we made our calculations for temperatures around 
20K. 

.   

Fig.1. Dependence of the temperature on the external magnetic field (MCE) and on the ratio 
of longitudinal and transversal speed of sound. It is based on the self-consistent computations 
similar to computations made in ref. [31]. T is the temperature in K,  Δh ≈  H-Hcrit  / Hcrit  is a 
relative distance from the phase transition, H is external magnetic field, for  Hcrit  is the 
magnetization of sample turned from the easy direction into the hard direction, q = cl / ct  is 
the speed ration where c the speed of sound. Note that there is the change of sign of 
magnetocaloric effect in the instant of phase transition. 
 

20.4.2.  Diffusion of heat and phase transition.  
One from the results of our MCE modeling, which is closely connected with both the 

diffusion of heat and MCE, is following “the energy of one from phonon-like modes (for 
direction parallel or perpendicular to the anisotropy axis) is going to zero by approaching to 
the phase transition”. We considered the phase transition of second order, which appears by 
the rotation of magnetization from the easy anisotropic direction into the hard direction. The 
driving force for rotations was a growing external magnetic field. Our model predicts the 
anomalous behavior of MCE by approaching to the above considered phase transition and our 
theoretical forecast is now going to be partially confirmed by new experiments [33]. MCE 
was recently measured in nanomagnetic materials in the vicinity of magnetic phase transition 
of second order. The phase transition in quoted experiment and the one in our model are very 
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similar. External magnetic field is turning magnetization of sample from the easy direction of 
magnetic anisotropy into the hard direction. In agreement with our expectations there was 
observed the significant increase of magneto caloric effect in the vicinity of this phase 
transition. The existence of an easily excitable mode supposed in our model can explain the 
magnitude and even the change of MCE sign. The appearance of easily excitable mod by 
approaching to phase transition could be, however, a more general transdisciplinary 
phenomenon.  

Our considerations could be supported with a possibility of a similar magneto caloric 
behavior in superconductors in the neighborhood of phase transition from superconductivity 
to normal conductivity [39-41]. Phase transition in superconductors of second type is made by 
the increase of external magnetic field to the critical value. We made modeling calculations 
based on the supposition of a transfer of energy between collective excitations of vortexes and 
thermal phonons in the super conducting material [31]. Experimental confirmation of this 
expectation could be even more interesting and important [33]. We also recently learned that 
such ideas are now going to be practically used in the so-called “thermal machine” where the 
standard working medium (water) is replaced by superconductor [42]. The phase transition 
from superconductivity to normal conductivity and vice versa is realized by the change of 
distance between sample and the space with strong magnetic field. The change of sign of 
MCE produced by passing through the phase transition is than rhythmically used for engine-
like cycling process [42]. Transdisciplinary scientific attitude can be seen here as a driving 
force leading possibly not only to better knowledge but also to futuristic machines  

 
20.4.3.   Some remarks to nanomagnetic materials: 

In the center of our special interest are also artificially produced nanomagnetic 
materials, the research which is now in the focal point for many laboratories. From the point 
of view of our MCE modeling nanomagnetic materials possess encouraging properties. 
  Decoherence of longer wavelengths in nanomagnetic structures is smaller than in 
normal crystalline material (note that coherent behavior is possible if the wavelength is longer 
than the smallest distance in the medium; in nanomagnetic materials this minimal wavelength 
is ~10 or even ~10000 times longer than that in normal crystals). The number of allowed 
wavelengths in nanomagnetic materials is restricted. The resonance condition for transfer 
energy between magnons and phonons can be better adjusted.    

The Debay temperature in nanomagnetic materials is higher comparatively to other 
materials and therefore the entropy term for thermal lattice vibrations has a magnitude 
comparable to the entropy term for magnons. On the boundaries of anisotropic nano grains 
could appear thermal gradients and elastic stresses. Some nanomagnetic materials are even 
transparent for wavelengths comparable with the size of nanomagnetic clusters and photo 
elastic method of observation of elastic stresses could be used. 

There are indications that dipole-dipole interaction starts to be more important in nano 
materials than in normal, more homogenous materials. The study of anisotropy of sound 
velocities can also bring interesting and even practical results. 
 
20.5.  Quantum criteria and diffusion 
 
 There subsist an everlasting question in what conditions various diffusion modes of 
particles’ dissemination can emerge and when it becomes necessary to use another theory 
than that customarily classical.  A very useful criterion, which enables one to decide whether a 
particular physical problem belongs to the domain of classical or quantum physics can be 
formulated as follows [43-45]. For example A. Sommerfeld expressed in [44]) “in every case 
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where the quantity of type of action (relevant to a given physical problem) is comparable with 
Planck’s quantum of action ≈ 1,05x1034 [Js]  the linked problem can be solved consistently 
only within the frame of the quantum theory”. Notice, there is no further requirement put on 
the absolute scale of the system. If any particular system is accordingly to this criterion a 
quantum system, it can be microscopic or macroscopic as well!  At first glance, one can see 
that this criterion implies immediately the quantum nature of the periodical precipitation of 
chemical waves experimentally described by below equation [46-50]  only if one admits that 
the magnitude of action can be adjusted as the product of energy (E) and time (t) or better as 
the outcome of momentum (m v) and distance (λ)3. Employing the latter portrayal we arrive 
to Sommerfeld´s criterion [49,50] in the form of 
 

m v λ= ђ        (5) 
 
where the left-hand side of which represents the “relevant quantity of type action”.  

In order to have the left side of above equation relevant to the motion of an electron in 
the typical network of epitaxial structure of semiconductor GaAs/GaAlAs we have to bring in 
the effective mass of a free electron ~ 9, 1x10 -31 kg reduced by the coefficient 0,07.  Upon 
taking into account that the speed appropriate to the arbitrary thermal motion of an electron in 
a crystal network is in the order of magnitude of ~√(kB T/m), where kB = 1,38x10-23 [J/K] is 
Boltzmann constant and T is absolute temperature in [K], then we can get an estimate for the 
characteristic length, λ, at which the non-classical properties of an electron became 
authoritative, i.e., λ ≈ ђ/√(mkBT). At the helium temperatures (T ≅ 4.2 K) the above relation 
yields distinctive λ≈ 5.6×10−8 m, which is the dimension in tenth of nanometers, which is 
commonly a characteristic material length technologically adjusted in the sandwiched thin 
layers structures prepared by epitaxial techniques. Therefore in such nanometric structures we 
use wave tools of quantum mechanics, eventually its extension towards electromagnetic 
phenomena, i.e., quantum electrodynamics (QED). It, however, brings some considerable 
predicament because operations with abstract mathematical notions (such as creative and 
annihilative operators, renormalization of vacuum, etc.), which are difficult to inaugurate to a 
concrete experimental situation and coordinate with entirely measured data. This 
circumstances lead to search for alternative solutions more friendly to the users, i.e., more 
vivid to straightforward mathematics. In this respect an important conjecture is the stochastic 
interpretation of the above mentioned QED, i.e., stochastic electrodynamics (SED), which is 
based on the classical theory of arbitrary (~stochastic) processes best represented by the 
Brown motion supplemented, however, by hypothesis of real existence of zero 
electromagnetic fluctuations of vacuum (FPF). The difference in the QEP and SED 
approaches to a real problem can best be apprehended in the phenomenon called week 
localization of electrons [53].  
  On the way to the description of quantum processes (and so SED) it is possible to use 
method introduced in the thirties of the past century by the Prague countryman R. Fürth  [54]. 
By identification the source of noise (responsible for stochastic behavior) with the zero 
electromagnetic fluctuation of vacuum we obtain the depiction almost identical with that 
known from quantum mechanics. In addition the transfer from stochastic mechanics towards 
quantum mechanics can be adjusted according to Fürth  [54]  rather formally by a simple 

                                                            
3 Maupertuis [51] in 1744 envisaged that "when some change takes place in nature, the quantity of 
action necessary for the change is the smallest possible. The quantity of action is the product obtained by 
multiplying the mass of the bodies by their velocity and the distance travelled".  Similar meaning is the 
Fermat's principle of least time [52] citing “the Nature acts via the easiest and the most accessible way 
reached within the shortest time”. 
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replacement of the standard diffusion coefficient, D, in the classical equations given by A 
.Einstein [55] and M. von Smoluchowski [56] by an inventive coefficient 
 
    i DQ = i ђ/2m,         (6)   
  
where i is imaginary unit and m is the mass of the moving particle. It remains the features 
discussed in the second paragraph and the sourcing possibilities for the Schrödinger equation. 
The presence of imaginary unit responsible for generating this transposition (usually 
recognized as impassable obstacle in understanding of quantum mechanics) as a specific form 
of stochastic comprehension is, unfortunately, not trivial. It can be shown [49] that the 
presence of imaginary unit in kinetic equations of a mass particle in the so called phase space 
(i.e., the space of independent pairs of variables of coordinates and momentum) assures that 
the particle can remember its whole history. Indeed, it must be innate because the past and 
future chronicle of a particle must be identifiable as follows from the wave function 
definition. However, for a classical Brownian particle the situation is fundamentally different. 
After each impact of neighboring molecules the Brownian particle obtains momentum, which 
value and direction is not relevant with that possessed before this impact as well as with that 
which the particle will obtain afterwards. The particle motion has not memory as that cannot 
be described by quantum Schrödinger relation.  
 The whole situation and pertinent argumentation will drastically change when the 
same processes are considered not in the previously presupposed phase space but in the novel 
configuration space (i.e., space of geometrical coordinates). Everlasting interaction of a 
particle with its surroundings have a bearing on the manner in which a kind of measurement 
of quantum position is determined one by one forcing thus the particle to repeatedly forget its 
momentum (according to the Heisenberg principle of uncertainty). In the configuration space 
the motion of a quantum particle becomes principally undistinguishable from stochastic 
motion of a classical particle.  On this is righteous but often omitted fact is possible to base 
the interpretation of some important and experimentally widely observed phenomena, such as 
capacitance properties of two-dimensional electron gas [57] at the helium temperatures or 
more than 70 years old puzzle of quantum-like behavior of diffusion controlled chemical 
reactions exhibiting periodicity [46,47].  

 Some of these reactions producing self-organized macroscopically evident structures 
display extraordinary fact that the characteristic speed of spreading, v, space periodicity, λ, 
and molecular mass, m, is interrelated by the equation (5), which has an focal function in 
biology [46-48,58-60]. They are regular and ornamental drawing and painting on shells, 
annual growth rigs of tree or Ranvier grooving on myelin wrap of nerves, etc. The quantity m 
v λ has, of course, the physical dimension of action but the adequacy of its construction as a 
product of quantities m, v and λ remains uncertain. The physical meaning of λ may be 
regarded to be more-or-less clear, it is, e.g., the distance between subsequent Liesegang’s 
rings [61] representing the minimal path which has to be passed by particles forming the 
precipitate. On the other side, it is quite obvious that the actual length of random walk of 
diffusing Brownian particle (molecule) must be about orders of magnitude longer. Similarly, 
M, being the mass of a single molecule of end-product and thus possibly not taking a part in 
the diffusion at all, is evidently also of questionable relevance. Even more problematic is the 
justification of the use of quantity v sometimes computed, as already mentioned above, as the 
ratio λ /t. It is not the “speed of diffusion” what is introduced here but it is in fact the time t 
characterizing the duration of the process of precipitation as a whole and the quantity λ which 
enters for the second time tacitly the left-hand side term of equation (1). The meaning of 
quantity v thus remains somehow unclear.  
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Interestingly, as was pointed out by E. Mach [62], the confusions of a very similar 
type almost invalidated the premise applicability of P.L.M. Maupertuis [51], i.e., “principe de 
la moindre quantité d’action” in its original form where the quantity of action was for the first 
time defined. The revision of this concept for a purely mechanical case (due to Euler as 
transferred from [63]) showed that the properly defined quantity of action should contain the 
instant velocity of a system in the explicit form as an independent parameter. In fact, the 
phase space was thus introduced in this way into the classical mechanics. 

Even this short excursion shows that the quantities from the left-hand side of equation 
(5) are not fully apt to represent the physical system under consideration in a convincingly 
way. To answer the question of “why the fanciful mix of quantities M v λ gives a well defined 
universal constant ђ” it is necessary to construct the action from other quantities more 
transparently related to the system under investigation, to make clear the relation of these new 
quantities to the quantities M, v and λ and then, possibly, to apply the quantum criterion. 

 
20.6. Oscillatory regimes in some inorganic systems 
 

 Assuming that the decisive process controlling the periodic precipitation or oscillating 
reactions is the diffusion of reactants (i.e., we consider the so-called Nernst-Brunner limit 
[64]  of chemical kinetics) we have  here again the phenomenon of diffusion. It is a along 
known puzzle of nature first mentioned in details in the case of dying by F.F. Runge  [65]  
citing ”various chemical reactions produce patterns periodic both in space and time when the 
relative concentrations lie within a certain ranges. These patterns carry order corresponding 
to the breakdown of both spatial and temporal translational invariance” and latter often cited 
and known as Liesegang rings [59-61,66]. 

It is also well known that resistors carrying large electrical current can exhibit negative 
differential resistance, i.e., currents that even decreases with increasing voltage supporting 
oscillations, rather than steady currents. Another example may be shown when studying 
instabilities that occur in thin wafers in certain semiconductors (GaAs). If the electrical 
potential across the semiconductor exceeds a critical value the steady current that is stable at 
lower potentials, abruptly gives way to periodical changes in the current, often called Gunn 
oscillations [67].  Statistics show that the stability of such a non-equilibrium steady state is 
reflected in the behaviour of the molecular/atomic fluctuations that became larger and larger 
as the steady state becomes more and more unstable finally becoming cooperative on a long-
range order. In many cases this effect is hidden by our insensitive way of observations, 
particularly for those reactions that we let start far from equilibrium first to exhibit non-
equilibrium phenomena but latter either decaying (disappearing) close to its steadiness or 
abruptly stopped (freeze-in) by quenching (renowned as amorphous or glassy states of non-
crystallites, see introduction).  

Inorganic solid-state reactions are often proceeding via branching [48,68,69] caused 
by disproportionate allocation of reactants due to the mixing inadequacies or diffusion 
irregularities. Let us assume a simple case of synthesis known in the production of cement or 
geopolymers assuming ideal and real reactions hypothetically supposed to follow processes 
taking place during silicates formation. According to V. Jesenak [69], there are two starting 
solid reactants A (CaO) and B (SiO2) undergoing synthesis according the scheme shown 
below (left) to yield the final product AB (CaSiO3) either directly or via transient products 
A2B (CaSi2O4) and A3B (CaSi3O5). The formation of these intermediate products depends, 
beside the standard thermodynamic and kinetic factors, on their local concentrations. If A is 
equally distributed and so covered by the corresponding amount of B the production of AB 
follows standard kinetic portrayal (left headed arrow). For a real mixture, however, the 
component A may not be statistically distributed everywhere so that the places rich in A may 
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effect the reaction mechanism to prefer the formation of A2B (or even A3B) the latter 
decomposition of which is due to delayed reacting with deficient B that is becoming 
responsible for the time prolongation of reaction completion. If the component A tends to 
agglomerate the condition of intermediate synthesis become more favourable undertaking 
thus the role of rate controlling process. The entire course of reaction can consequently 
exhibit an oscillation regime due to the temporary consumption of the final product AB, 
which is limited to small neighbouring areas. If the intermediates act as the process catalyst 
the oscillation course is pronounced showing yet more regular nature. Their localised 
fluctuation micro-character is, however, difficult to be detected by direct physical macro-
observations and can be only believed upon secondary characteristics read from the resulting 
structure (final morphology) [48,68]: 

 

AB  ←  A + B  → +A → A2B → +A → A3B           dA  →       diff     →    dA      

                                        +B↓                 +B↓            ↓react         ⇓                ↓react 

                                           AB  ← +B ← A2B           dB →        diff     →    dB 

    regular                                autocatalytic                    reaction ⇓ interface 

Changes in phase composition and properties of cordierite-based materials showed 
similar features of periodic reactivity [70] depending on the calcinations temperature and the 
calcinated ratio in the starting mixture. It results from specific conditions of formation of a 
dissipative structure in such refractory materials and a specific organization of the phase 
composition under a spinodal decomposition of solid solutions.  
 Local effect of counter-diffusion would become another important factor that may not 
only accelerate above mentioned oscillations but can often outcome most of the interface 
reaction (see above scheme on right). As a result many of peritectic and eutectic reactions turn 
out to be in an oscillatory regime providing regularly layered structures. For example, the 
directional solidification of the PbCl2-AgCl eutectic [71] is driven by temperature gradient 
and provides lamellar structure separated repetitively at almost equal lamellae partition. 
Solidification studied under microgravity [72-74] starts with higher undercooling compared 
with that observed in terrestrial condition obviously due to the lack of thermal and mass 
convection not disturbing self-organization and thus exhibiting exceptionally regular lamellae 
stripping e.g., notice the following Fig. 3.).  
 Such self-organization may happen during various processing such as the periodical 
adjustment of jetted fibres during the liquid electrospinig [75] If a competition between 
several simultaneous processes occurs (as a typical case for many non-equilibrium systems), 
it may lead to curious repetitive morphologies, such as a plate or needle-shaped crystals 
precipitated within glass devitrification [76] and befit useful in modeling micro-heat engines4.   

                                                            
4 A quasi-harmonic approximation of a piston-type heat engines are subjects of oscillations’ theory 
since they operate in swig regime known as a best example of a parametric self-sustained periodicity. 
A human on swings is thus a source of energy and is the automaton that implements a swinging 
algorithm (A.N. Zalkin “Investigation of oscillation regime for a modified Carnot engine, I: 
Conservation of oscillation regime and II: Generator of self-sustained oscillations” Moscow Univ. 
Bull. Phys. 63 (2008) I: 339 and II: 344). Correspondingly, the Browning periodic heat engine can be 
Carnot-modeled as a Brownian particle is hopping in a viscous medium within a saw tooth potential  
assisted by alternatively placed hot and cold heat baths along the path (M. Asfaw “Modeling an 
efficient Brownian heat engine” Europ.  Phys. J. B 65 (2008) 109).    
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 Oscillatory scheme is very important for all lively processes taking place far from 
equilibrium. The customary case often repeated are the curious circumstances emerging upon 
heating a thin layer of liquid from below (known as Rayleigh-Bénard hydrodynamic 
instabilities [68]. First the heat passes through the fluid by conduction but at certain, well-
defined critical point of intensified heating, the gradient pattern changes spontaneously but 
abruptly to a self-organised system of almost hexagonal cells. This high degree of their 
molecular organisation becomes possible through the transfer of energy from microscopic 
thermal motion to macroscopic convention currents acting under the force field of gravity. In 
greater macroscopic scale it is well known as the formation of clouds in warm weather [72]. 

Similar repetitive pattern can be observed on many other cases from mesoscopic shall 
ripening to macroscopic geological sediments and variety of biological patterns on animal’s 
skin ornamentation and there arise a question why this separation is so regular and what are 
its grounds. The domain of oscillatory processes common in chemistry is particularly 
regarded as the Belousov-Zhabotinsky reations (further abbreviated as BZR). 

These processes were successfully simulated by use of computers. Most famous is the 
scheme known as “Brussellator” [46, 68,77] describing so called cross-catalytic reactions 
involving two reactants A and B and two products Z and P, see Fig. 2 . The intermediates are 
X and Y and the catalytic loop is caused by multiplication of the intermediates X, see scheme 
below. Right graph illustrates the input effect of reactant concentration within the given 
reaction mechanism (at the threshold concentration of A the steady subcritical region changes 
from the sterile to the fertile course of action capable of oscillations in supercritical region. 
Although first assumed hypothetically it enabled to visualise the auto-catalytic nature of many 
processes and gave to them the necessary practical dimension when applied to various reality 
situations. Latter this scheme was associated to be close to the life-imperative system of the 
glycolytic energetic cycles where the oscillatory intermediates are adenosintriphosphate 
(ATP) and adenosindiphosphate (ADP). 

reactants           → A           products 
↓          ↑ 

reactants  → B  +  X   →   Z   +   Y 
↑          ↓ 

products  ← P  ← 3X  ⇔  2X  +  Y 
 

 

Fig. 2. Schematic diagram showing the subcritical and critical oscillatory regimes of a computer 
scheme (customary called Brusselator) 
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In concluding we would like to stress out that herewith we shall try to be consonant 
with familiar Prigogine’s generalized ideas of self-organization dealt with on different levels. 
The enormous collection of experimental data on the behaviour of BZ waves published 
throughout the literature represents a very good opportunity for a better tuning of this concept as 
we attempt to do it in the forthcoming text although we are aware that any break in the traditional 
world of physics would be extremely difficult as it was not accepted yet despite several attempts 
during the past decades. We ventured to coin here the term diffusion action, which expresses 
the quantity of action induced by diffusion process of Brownian particles. The experimental 
values of the diffusion actions of the one dimensional (1D BZ) waves might support the 
theoretical approach that attempts to interpret the concepts of quantum mechanics based on the 
behaviour of Brownian particles [78]. The variety of its description about finding mutual links 
is the goal of this article while the mathematics of non-equilibrium thermodynamics was 
discussed by us elsewhere [79]. 

 
20.7.  Belousov–Zhabotinsky periodic reactions 
 
 Periodical precipitation of reaction products and oscillatory behavior of certain 
chemical reactions, known from the literature, such as Liesegang’s effect [61,65,66], chemical 
waves, or Belousov–Zhabotinsky reactions [58-60,80-84], are now usually considered to be 
spectacular demonstrations of self-organization in non-equilibrium thermodynamic systems. 
As these mostly inorganic reactions deny the traditional view on chemical kinetics 
characterized by the natural tendency of reactions to reach by shortest way the state of 
equilibrium, they were in the past interpreted even as a precursor of life processes [65]. 
Moreover, another very peculiar feature of some of these reactions was discovered leading to 
the above mentioned “effective diffusion action” which is defined, eq. 5, as a product of 
characteristic macroscopic period of precipitation patterns λ, macroscopically observed 
“speed of diffusion” v and molecular weight of the precipitated end-product M.   
 It should be noticed here that in the case where the said “speed of diffusion” cannot be 
observed directly (e.g. as a speed of chemical wave) it is, as a rule, identified with the ratio λ/t 
where t means the duration of precipitation. A better quantitative agreement with the 
experiment (up to 1% accuracy) can be achieved by completing the left-hand side of relation 
(1) by a geometric factor (e.g. 4π for three dimensional cases) and by a factor characterizing 
the limiting influence of environment where diffusion takes place, tortuosity, which is of the 
order of unity [78]. 

There is no consensus concerning relation (5) in scientific community. It was found by 
various scholars to be either accidental without any deeper physical meaning or enigmatic, 
with something very important behind. Such diversity in opinions is partially due to the 
traditional, rather subjective distinguishing between macroscopic and microscopic 
phenomena. The quantities v and λ on the left-hand side of equation (1) are, namely, in 
contrast to M essentially macroscopic, they are, e.g., accessible to the observation by unaided 
eye, while Planck’s quantum of action on the right-hand side is regarded to be characteristic 
of tiny quantum processes on an atomic scale. There are several attempts to explain this 
curiosity theoretically. For example, there is a very straightforward interpretation of relation 
(5) using a concept of the de Broglie wave known from elementary quantum mechanics as a 
wave controlling the probability amplitude of a particle (onde pilot [85]). Accordingly, we 
have reputedly to do with the de Broglie probability pilot wave of an abstract particle of mass 
equal to the mass M of the end-product molecule moving with the “speed of diffusion” v. It is 
further assumed ad hoc that the wavelength h/Mv of this de Broglie-like wave coincides with 
some integer multiple of the period of precipitation, what is just that meets the want. Such a 
simplistic exploitation of quantum ideas and quite formal approach to the problem, tolerable 
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in pioneering works, together with the obscure concepts involved is, as we believe, the very 
reason which has led to the skepticism aimed against the quantum theoretical interpretation of 
equation (5) and for years effectively damped the activities in this interesting field.  

The authors are convinced that the numerous observations confirming the validity of 
(6) in quite different experimental situations (for review see e. g. [47,48] are not likely to be 
all accidental and thus they are worthy of further study. We are thus trying, using the 
arguments on a quite elementary level, to turn the attention of researchers to some aspects 
which may be of importance for understanding of this empirical formula. The problems 
closely related to the self-organization per se are, however, left aside in the present text.  

 

 
Fig. 4. Photo of various shells and (right column) quenched-in morphology of the directionally 
solidified eutectics of PbCl2-AgCl processed at a high melt undercooling (ΔT=50 K) and growth rate 
(v = 10 mm/hr) at both under the microgravity (Go→ 0, in space, upper) and terrestrial conditions 
(Go=1, below). It reveals the oscillatory growth of PbCl2 lamellae in the crystallographic direction 
[100] parallel to the reaction interface (visible at the upper-side [72-74]). The lamellae that solidified 
directionally at terrestrial conditions (middle) exhibit, however, characteristic growth defects due to 
the interference of mass flow with gravitational field that is absent for the space experimentation 
(upper). Time-dependent effect of lamellae coarsening (bottom) provides image of a common pattern 
of rough morphology regularly achieved for prolonged equilibration/sintering (not in scale). 
 
20.7. Speed of diffusion 
 

 Assuming that the decisive process controlling the periodic precipitation or oscillating 
reactions is the diffusion of reactants (i.e. we consider the so-called Nernst-Brunner limit of 
chemical kinetics [49,64]) we need for the construction of the corresponding “relevant 
quantity of type action” the definition of something like the instant “speed of diffusion”. If we, 
for the sake of simplicity, confine ourselves only to one dimension, the diffusion can be 
described by the following differential equation (i.e., the second Fick’s law): 
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     ∂n/∂t = D (∂2n/∂x2),      (7) 
 
where n(x,t) means the concentration and D the diffusion constant. For continuous n(x,t) the 
“speed of diffusion” is not well defined or it has to be assumed to be infinite. This statement 
can be elucidated by the following argument [86]. If the concentration n of a substance at time 
t = 0 is finite only in a certain bounded region (e. g. n = const.), being identically zero out of 
this region, the equation implies that after an arbitrarily small time interval dt the 
concentration at any point of the whole space is non-zero, so that the transport of matter to 
any distant point would be instantaneous, i.e. with an infinite speed. On the other side, taking 
into account the discrete molecular structure of ordinary matter, the concentration at a given 
point should remain zero till it is reached by the first diffusing particle (molecule), i.e. the 
velocity should be finite in any case. In spite of this unpleasant discordance between molar 
and molecular approach to the diffusion, there is a possibility of meaningful definition of its 
speed even within the continuous approximation of n (x,t). Let us assume that at time t = 0 
there are N particles concentrated in the plane x = 0 (source layer). In this case the solution of 
equation (2) reads: 

 
n(x,t) = N/(2√πDt) exp(−x2/4Dt).     (8) 
 

Since the times of Fourier it has been a well-known property of solution (3) (known as 
a source–integral) that the time record of concentration taken in a neighborhood of a certain 
fixed point x has a local maximum. The mathematical condition for this maximum reads ∂n/∂t 
= 0. This is, however, according to equation (2), equivalent to the condition ∂2n/∂x2 = 0 (for 
constant D ≠ 0). The second space derivative of solution (8) gives then the expression: 
 

∂2n/∂x2 = {N/4√π(Dt)3}exp(−x2/4Dt) {(x2/2Dt) − 1}.   (9) 
 

Using now the above-mentioned condition for extreme, we immediately obtain straight and its 
time derivative formulas bestowing equations:  
 

x2 = 2Dt.      (10) 
 x u = D,      (11) 

 

where u = (∂x/∂t) has evidently physical meaning of the instant speed of transfer of 
concentration maximum. As the quantity u, in fact, represents the movement of the most 
numerous swarm of diffusing molecules, it is quite reasonable just to call u the “instant speed 
of diffusion”. It is a remarkable circumstance that equations (5) and (6) are practically the 
same as the equations describing random walk of a single Brownian particle (molecule) 
[55,56]. The only differences are that here is x no more the position of the concentration 
maximum but the mean-square-root √〈x2〉 of the position of a particular Brownian particle at 
time t and u has a meaning of its mean-square root of stochastic speed √〈U2〉. If we start, 
namely, from an alternative form of Fick’s law in a probabilistic notation, i.e. from  
 
    Uw = − D (∂w/∂x),      (12) 
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where the probability density is defined as w = n/N, U is the stochastic speed and (Uw) has 
the meaning of the probability flux, we obtain for the mean-square of the stochastic speed the 
expression (the integrals here are taken over the range from −∞ to + ∞) 
 

〈U2〉 = ∫ (U2w)dx = D2∫ (1/w)(∂w/∂x)2dx.     13) 
 
In consequence of evident inequality {(∂w/∂x)/w + x/〈x2〉}2 ≥ 0, one obtains after a simple 
algebra that ∫(1/w)(∂w/∂x)2 dx ≥ 1/〈x2〉 and therefore eventually 
 

√〈x2〉√〈U2〉 ≥ D,      (14] 
 
where equality in this “uncertainty relation” takes place for the probability distribution 
corresponding just to the source-integral (8). Because equations (11) and (14) describe the 
same physical process of diffusion, the diffusion constants D must naturally be identical for 
the microscopic as well as for the macroscopic cases and simultaneously the relations u = 
√〈U2〉 and x = √〈x2〉 must be valid. We can thus conclude that a typical “average” Brownian 
particle follows the position of the concentration maximum or in other words that the most 
significant packet of diffusing molecules consists of “average” Brownian particles. 

 As we believe, this is just the way how Planck’s universal constant can in principle 
enter essentially macroscopic equation (11. Namely, if the microscopic movement of a 
Brownian particle of mass M would be controlled by a purely quantum process, where the 
diffusion constant in three dimensions should have Fürth’s limiting value of D = DQ  [87], i.e., 

DQ = h/ 4πM.       
Then equation (11) will formally attain the same form as empirical equation  (1), explicitly: 
 
    4π M u x = h,       (15) 
 
providing that the experimentally observed quantities v and λ are identified with u = √〈U2〉 
(speed of diffusion) and x = √〈x2〉 (distance spanned by diffusion), respectively. 

 
20.8.  Resemblance of quantum and Brownian motion in configuration space  
 

It seems thus plausible that to prove the quantum nature of equation (5) it is enough to 
make clear conditions under which the numerical value of diffusion constant D attains the 
Fürth’s value DQ. Unfortunately, realization of this task is by no means trivial, mainly because 
the frequently stressed analogy between quantum and Brownian motions [25,88-90] is rather 
superficial and far from being perfect. On the other side, there is an important common 
characteristic of these two types of stochastic processes which makes them identical in a 
certain sense, namely their Hausdorff’s dimension in the configuration space [91,92]. To 
make clearer the relation of this useful mathematical concept to the present problem we must 
go behind the continuous approximation of diffusion represented e.g. by equation (10). 
Extrapolating the validity of this formula from the experimentally verified range to arbitrarily 
small scales, we can use it, however, for the construction of a more realistic model of 
movement of a Brownian particle in the following way.  

Let us make intermittent observations of total duration τ, sampling every (τ/k) seconds 
the position of a Brownian particle, where k is an arbitrary integer. Every time interval (τ/k) 
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involves some delay and time necessary to determine the position of the particle. Such a 
measurement will provide in one dimension a sequence of intervals l1, l2, . . . , lk, which define 
the apparent length of the path passed through as:  
 
   Lk = l1 + l2 + . . . + lk.       (16) 
 
As the movement along every of these intervals is, according to our assumption, controlled by 
law (10), for a sufficiently large k instead of (11) we can write:  
 
    Lk = k √〈l2〉k,       (17) 
 
where index k means the averaging over all k intervals in (16). It is simultaneously clear that 
the length √〈l2〉k defines for a given k also the length resolution Δlk = √〈l2〉k of the 
measurement, because the sampling by time intervals (τ/k) evidently ignores the details of the 
actual path of the Brownian particle finer than Δlk. Average speed determined from the same 
experiment as (k Δlk/τ) must, moreover, fulfill the relation (14) in the form (reduced to 
equality) : 
    Δlk (k Δlk /τ) = D.       (18) 
 
It is obvious that the more frequent measurement with a better resolution Δlk will reveal more 
details of motion of the Brownian particle. As a result, with increasing k the number of 
recorded abrupt changes on the Brownian path will increase and also Lk will increase 
simultaneously. For very large k’s (theoretically for k → +∞) the shape of the Brownian path 
will resemble a continuous, at every point non-differentiable curve. As was shown by 
Hausdorff [92] such a complicated mathematical object may be, without ambiguity, 
characterized by introducing its fractal (Hausdorff’s) measure Λ and generalized dimension d 
as follows: 
    Λ = Lk (Δlk)d-1,     (19) 
 
where dimension d should (and can) be chosen in such a way that Λ is independent of k. 
Putting then relations (18) and (19) together, we obtain: 
 
     Λ = (Dτ/Δlk) (Δlk)d-1,      (20) 
 
from which, due to the said independence of Λ on k, it immediately follows that Hausdorff’s 
dimension of the Brownian motion is arresting d = 2 (cf. e.g. [88]). 
 As was shown by L.F. Abbott and M.B. Wise [93], just the same Hausdorff’s 
dimension in the configuration space (d = 2) has to be ascribed to the jiggling movement 
(‘Zitterbewegung’) of a quantum particle. This can be proved very easily using, instead of eq. 
(18), common Heisenberg’s uncertainty relation in a (reduced) form 
 

Δlk (M k Δlk /τ) = h/4π,    (21) 
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preserving the previous meanings of all quantities involved. The corresponding “quantum” 
expression for Hausdorff’s measure then reads: 
 
    Λ = (hτ/ 4πMΔlk) (Δlk)d-1.    (22) 
 

This formula gives the same value for d = 2 as equation (20) and can be obtained from 
it by a formal substitution of DQ for D. Because both quantum and Brownian motions have in 
the configuration space exactly the same Hausdorff’s dimension revealed, e.g., by the 
intermittent measurement described above, the quantum jiggling can be, from the 
phenomenological point of view, considered as a continuation of the Brownian motion down 
the smaller scales. This circumstance enables us to treat the diffusion of a particular molecule 
together with its quantum jiggling movement as a single stochastic process, formally 
described by a convenient combination of classical stochastic and quantum diffusion 
constants, DS and DQ , respectively. Using analogy with the composition rule for independent 
motilities well known from electrochemistry, we can tentatively write: 

 
    D = DSDQ/ (DS+DQ).     (23) 
 
Then quantum limit is represented by the inequality DS >> DQ, which ensures that D ≈ DQ. 
The quantum effects should prevail in the case, where DS attains a very high value, or in other 
words, if the diffusing particle is decoupled from all stochastic sources in environment which 
are not of quantum nature. We claim that just this inequality, i.e.  
 

DS >> DQ,     (24) 
 

with the accompanying physical meaning mentioned above is the condition we are looking 
for. If this takes place, namely, equation (15) and consequently equation (5) are valid, 
satisfying simultaneously the quantum criterion. 

To assess the range of validity of inequality (24) it is necessary to evaluate stochastic 
diffusion constant DS. Somewhat crude estimate for ball-like particles (molecules) without 
observable persistency in motion can be provided by a classical Einstein-von Smoluchowski’s 
formula [55,56] the use of which is justified rather by practical than physical reasons. Then 
condition (24) reads: 
     kBT/3πηa  >>  h/4πM,     (25) 
 
where η is the dynamic viscosity of environment, T the absolute temperature and a the 
characteristic dimension of diffusing particle (molecule). To find out among various aqueous 
solutions at room temperature molecular systems for which the “quantum” behavior is to be 
expected, we put in (25) T = 300 K and η = 10-3 kg m-1s-1. The resulting condition is: 
 
    8.4 × 1015  >>  a/ M,     (26) 
 
where a is in meters and M = (1.67 × 10-27 × molecular weight) in kilograms. Taking for a the 
ionic diameter [93], we can see that, e. g., sodium, calcium and silver, for which ratios (26) 
have values 6.0×10 15, 3.4 × 1015 and 9.0 ×1014, respectively, are good candidates for 
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“quantum” Brownian particles. For H+ ions (i.e. protons) which are the most mobile ions in 
aqueous solutions condition (24) is also valid in spite of the fact that estimate (24) (with the 
ionic diameter a ≈ 10-11 m) provides rather a high value ~1.2 × 1016. It can be accounted for 
by the fact that the system of protons in water being a Fermionic system requires a consequent 
quantum-theoretical treatment (involving e.g. Pauli Exclusion Principle), which is essentially 
non compatible with classical formula (26). 

In conclusion we can put across with the aim of comprehensibility that in the 
configuration space and by intermittent observations, which resemble the actual observations 
performed on periodic patterns, the classical and quantum stochastic processes are practically 
indistinguishable. This remarkable fact enabled us to formulate in terms of the classical and 
quantum diffusion constants the condition where the quantum stochastic process should 
prevail. It was shown on the basis of this criterion that it is very predictable that ions in 
aqueous solutions can possess macroscopically observable quantum behavior. Moreover the 
above survey, which summarizes some quantum aspects of diffusion, is a part of the larger 
domain covered by “quantum thermodynamics” [12,42,89,94-97], which is being extensively 
dealt with in various conferences [98] and may extent to rather curious corners of science [99-
102], see the final illustrative paragraph. Yet it seems be a very challenging subject worth of 
further cultivation in more widely assumed thermophysical applications [12,89]. 
 
20.9. Transmission of information – the photon codes 
 

The analogy between chemical and photon waves can guide us how to re-interpret the 
experimental data we could find in the scientific literature. It is assumed that the photon with 
its mass m is able to self-organize its surroundings with the wavelength λ and the propagation 
speed u. After the rapid and short first stage (h-tuning stage) the photons with its surroundings 
are ready to transmit several kinds of information [99-105]. Table I summarizes events that 
could be observed during this h-self-organization stage. 

 
Table I.  Transmission of information during the h-self-organization stage 
 

Process Type of 
information 

Experimental evidence 

Doppler-Voigt.Einstein self-
organization 

Relative velocity Stretching of waves in the constant 
space, redshift, blueshift 

Hubble-Nernst self-
organization (vrel=0) 

Distance Redshift quantization, secondary 
photon particles, Hubble-Nernst 
photon decay constant 

Schmidt-quasar-redshift self-
organization 

Not yet decoded Redshift quantization, secondary 
photon particles, photon decay 
constant 

Blueshifted self-organization 
(vrel=0) 

Pioneer anomaly Decay inhibition rate of photons in 
supersaturated ZPE, objects in the 
same distance have different redshifts 

 
In this concept the photon during the process of the h-self-organization has several 

mechanisms how to transmit the information about the relative velocity, distance and some 
others. The mechanism of the c-tuning enables to transmit to all observers the information 
about the relative velocity between the source and the observer. 
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The second important information that should be transmitted is the knowledge about 
the distance of the observed object. This information could be coded by the decay properties 
of photons and is expressed by the Hubble-Nernst photon decay constant. 

It seems that quasar redshifts bring to us some new kind information (neither relative 
velocity, nor distance). This kind of information was not decoded yet. Photons emanating 
from quasars decay with higher specific decaying rate in compare with the natural decay rate 
described by the Hubble-Nernst photon decay constant. 

The analogy between chemical waves and photon waves lead us to postulate a new 
type of information transmitted by self-organized photon waves – the blueshift self-
organization. This effect was already observed as the so-called Pioneer anomaly. The 
blueshift effect is caused by the inhibition of the decay rate of primary photons or the growth 
of primary photons with the characteristic fractal dimension DR=3.0. This blueshift self-
organization can contribute to the explanation why some objects at the same distance and the 
same relative velocity to the observer show different redshifts. 

The analogy between the evolution of chemical waves and photon waves can be 
verified in the following observations: 

1. h-tuning stage: during the first 20 – 30 photon waves h-tuning and c-tuning 
should be observed, 

2. h-self-organization stage: four kinds of self-organization mechanisms 
should be observed. Table I surveys those effects together with the 
experimental observations, 

3. h-decay stage: diffusion action departs from the value h, non-linear 
behaviour of λ, modification of the propagation speed c, critical value hcrit 
could be found experimentally, 

4. zero-point energy: physical vacuum is filled with photons that cannot form 
waves. 
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21. LOW-TEMPERATURE MEASUREMENTS OF DISORDER-
INDUCED EFFECTS IN LOW-DIMENSIONAL SYSTEMS 

 
Pavel Hubík, Jiří J. Mareš 

 
 
21.1. Introduction 

 
In this part of the book we introduce and discuss experimental results on low-

temperature electron transport obtained in several types of semiconductor structures. Semi-
conductors, and especially low-dimensional structures prepared by modern sophisticated 
growth techniques, represent variable systems, which can be modified according to specific 
demands; they can be designed either for a given application or into the structure that is opti-
mized for research of some fundamental physical problem. However, most of these systems 
exhibit, besides properties due to periodic lattice, features caused by different amount of dis-
order. This disorder can originate e.g. from various degree of amorphization of the lattice, 
from an existence of grains and accompanied grain boundaries or from a high level of doping 
- just two latter cases will be treated in several examples in this chapter. 

Electron transport measured in the above structures can be understood as a probe 
which test a band of electron energies near the Fermi level. Specifically, it is a sensitive tool 
which reveals detailed information about fluctuations of the electron potential energy, hence 
about the disorder. However, a necessary condition for obtaining such experimental data is to 
reduce an influence of lattice vibrations to a level at which the electron-phonon interaction 
will be less or comparable with an energy scale of the fluctuations. It implies the lower tem-
perature we will use the more subtle effects and the lower degree of the disorder will be ob-
servable. Another reason for the application of low temperatures is the fact that the low-
dimensional structures which will be discussed here exhibit quantum properties due to a con-
finement of the electron motion in one or more dimensions. These properties are, in general, 
seen in a more pure form if the kT energy (k being the Boltzmann constant and T absolute 
temperature) is small with respect to the confining potential barriers and with respect to other 
interactions that can take place in the system (e.g. magnetic-field induced electron motion). 

Hence, even if the topic of this chapter can appear, at first glance, a little bit out of the 
scope of the book we believe that the following pages will show that the low-temperature 
electron transport is a useful tool for investigation of the low- or medium-disordered systems 
and will offer a complementary view with respect to high-temperature methods (like thermal 
analysis) and highly disordered systems (like various glasses). 

After this introduction the chapter proceeds with a discussion of some basic concepts 
relevant to the description of the electron transport in disordered semiconductors, namely, 
metal-insulator transition, disorder and fluctuations, weak localization and dimensionality 
(section 21.2). Parts dealing with an experimental research start with section 21.3 where we 
treat a concept of the weak localization in detail and present experimental effects related to it. 
Using particular experimental data for particular highly-doped semiconductor systems, it is 
shown that the weak localization plays a key, or at least non-negligible, role not only in purely 
two-dimensional (2D) systems (21.3.1) but also in systems where the effective dimensionality 
is reduced below three (21.3.2) or when the whole system consists of multiple 2D subsystems 
(21.3.3). Integral quantum Hall effect in 2D systems is well-known phenomenon; however, in 
section 21.4 it is shown that special experimental methods we have used reveal new features 
and allow better characterization of the disorder that controls the quantum Hall regime. In part 
21.5 we demonstrate, using our experimental results on nanocrystalline diamond, how the 
grain boundaries can influence the transport properties of the superconducting semiconductor. 
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21.2. Electron transport in 3D and 2D disordered metals - basic concepts 
 

Even if all systems discussed in this chapter are commonly described as doped semi-
conductors, we will see that their properties place them, in fact, among disordered metals. Let 
us start therefore with a definition of the metals and their counterparts - insulators. Since the 
beginning of the 18th century, when electrical conduction was discovered, solids have been 
categorized into these two classes. Nevertheless, such a classification, which is very useful for 
practical purposes, was found to be enormously difficult to reformulate in terms of theory, so 
that the problem has not been satisfactorily solved yet. In the theoretical literature dealing 
with this subject, the definitions and the concepts of a metal and an insulator are confined to 
the absolute zero temperature [1]. As, however, the absolute zero temperature, corresponding 
to an improper point of hotness manifold [2], does not exist at all, such a definition bears a 
somewhat metaphysical character. For authors, it is a very strange fact that Planck’s warning 
“all thought experiments which are making use of absolute zero should be avoided” [3] is 
ignored in the theory quite generally. The consequence of such an approach is, among others, 
the impossibility to distinguish between metal and insulator experimentally. However, the 
largest portion of this chapter will deal with systems which are intuitively considered as me-
tallic-like. Therefore it is necessary to have operational criteria enabling us to distinguish 
between metal and insulator experimentally at finite temperatures. 

Relatively simple and effective is the so-called gap criterion [1] which is usable for 
conductors controlled by single-particle excitations. Moreover, it is advantageous for applica-
tion of this criterion that it can be decided, by means of auxiliary experiments, whether or not 
the conductivity is due to single-particle excitations. As usually, by gap Γ we mean the energy 
difference between the Fermi level and the mobility edge where the single-particle excitations 
become macroscopically extended, i.e. where they correspond to the charge-carrying states. 
Assuming further that the effective gap, which controls the thermal activation of the carriers, 
is temperature dependent, the temperature dependence of resistivity may be written in quite a 
general form 
 
 R/R0 = exp(Γ (T)/kT), (1) 
 
where the factor R0(T) is a weak function of temperature T. The parameter Γ(T), setting the 
energy scale of the activation process of charge carriers, can be experimentally determined 
from the local slope (taken with minus sign) of the temperature dependence of the resistivity 
plotted in the Arrhenius coordinates (i.e. log R vs. 1/T). This fact enables one to recast the gap 
criterion into the weak definition of metal and insulator applicable within a certain finite in-
terval of temperatures J, namely: 

If for every T∈ J, Γ(T) ≤ kT the conductor is called metal with respect to J. 
If for every T∈ J, Γ(T) > kT the conductor is called insulator with respect to J. 
Note that the confinement of the weak definition to an interval J makes, in contrast to 

the standard strong definition, the metal-insulator classification experimentally provable. In 
order to comprehend this important fact, the typical R(T) curves are depicted in Fig. 1. There 
the dashed border line, corresponding to the condition Γ(T) = kT, unambiguously separates, 
within the interval J, metallic and insulating regions. Rather frequent misinterpretation of 
experimental data consists of treating any increase of resistivity with decreasing temperature 
as a symptom of insulating state. In fact, such a behaviour, which is rather a symptom of lo-
calization, may be observed in metal and insulator as well. In case of metal where 0 < Γ < kT, 
however, the localization cannot bear a character of strong localization characterized by ex-
ponential damping of wave-functions [4], but is appropriately called weak localization. 
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In highly doped semicon-
ductors, the impurities are incor-
porated into the lattice randomly 
and therefore introduce a disorder 
into the system. In this case, due 
to a strong interaction between 
neighbouring centres, the impu-
rity levels break into an impurity 
band positioned, as a rule, at the 
edge of the transport band in the 
host material. Because of the 
disorder, the impurity band is 
inevitably characterized by poten-
tial fluctuations. With decreasing 
temperature more and more po-
tential fluctuations emerge from 
the kT-band at the Fermi level 
(see Fig. 2). The corresponding 
regions become thus classically 
inaccessible (form obstacles) for 
the carriers and cause an in-
creased sample resistance. It is 

especially important in the 2D systems where the carriers move in a single plane only. Quan-
tum interference of the split wave function of charge carriers immobilized at the above-
mentioned obstacles is a nature of the above-mentioned weak localization effect. Just this 
phenomenon will be discussed in the following sections in detail and it will be shown to play 
a key role in interpretation of many low-temperature transport experiments.  

In contrast to the weak localization, characteristic for disordered metals, we should 
mention hopping - another often considered mechanism of electron transport in disordered 
solids. In this phenomenon (which will not be discussed here in detail-see e.g. Ref. 5 ) the 
transport is controlled by the tunnelling between strongly localized sites. In such a case the 
conductance is governed by the strong localization (i.e. Γ > kT), and the system is per defini-
tion insulator and not metal. 

Treatment of a change from the insulating to metallic behaviour in solid-state systems 
should be completed by the semi-empirical picture of Mott’s metal-insulator transition [1]. 
The doped semiconductor becomes a metal if the concentration of impurities built-in into the 
host lattice is so high that their localized atomic wave functions start overlap appreciably. If 
the density of states in such an impurity band is sufficient to pin the Fermi level there, the 

material has to reveal the trans-
port properties of an ordinary 
metal. The critical threshold 
concentration of impurities nM 
for which the metal-insulator 
transition takes place is given 
by Mott’s empirical formula [4]  

 
Fig. 2. Illustration of a relation between potential fluctuations 
and an energy band at the Fermi level in which the electron 
transport takes place. 

 
Fig. 1. Various types of R(T) curves are sketched corre-
sponding to insulator (INS), disordered metal (DM), real 
metal (M) and ideal metal (IM). Dashed curve BL repre-
sents the border line between metals (underneath the curve) 
and insulators (above the curve). 

 
      aB nM

1/3 = 0.26 ± 0.01, (2) 
 
where aB is Bohr’s impurity 
radius. Similar relation (with 
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the right-side constant ~0.27) is obtained assuming that the transition occurs when the most 
probable distance between neighbouring impurities, (2πnM)-1/3 [6], equals the characteristic 
dimension of the impurity wave function represented by Bohr’s diameter 2aB. It is a remark-
able fact, that in many systems (e.g. in diamond doped with boron –see part 21.5.1 below) the 
metal-insulator transition characterized by the above gap criterion condition Γ ≈ kT takes 
place just in close vicinity of Mott’s critical concentration nM. 
 Finally, let us recall what we mean by a reduced dimensionality or two-dimensional 
character – concepts often used in the rest of this chapter. In the electron transport, we speak 
about the reduced-dimensionality if the motion of electron is in one or more directions limited 
by a potential confinement to a size smaller or comparable with the electron wavelength. 
Typically, two-dimensional semiconductor system is obtained by a growth a sequence of 
epitaxial layers with various energy gaps and electron affinities and/or with variable doping 
profiles. Such a procedure allows us to form a 2D potential well of nanometric width in which 
the electron motion in direction perpendicular to the well plane is quantized (quantum well) 
[7]. Because a magnetic field perpendicular to the well plane causes an additional quantiza-
tion of the electron motion, in the direction parallel to the quantum well, it is evident that 
magnetotransport measurement is an efficient tool for the experimental research into these 
systems. 
 
21.3. Weak localization in 2D and 2D-like systems 
 

Since the 1980’s, when the notion of the weak localization (WL) [8,9] was worked 
out, the suppression of electron back-scattering by an external magnetic field in, structures 
with two-dimensional electron gas (2DEG) and its consequence - the giant negative magne-
toresistance (NMR) of these systems [10-12] - have been well established and, generally 
speaking, well understood effects. However, some peculiar features of these phenomena, e.g. 
weak dependence of magnetoresistance on or even its independence from the magnetic field 
in the millitesla range, were studied to a considerably lesser extent and mainly theoretically 
and were interpreted by various authors in a rather controversial way. This effect, called "low-
field magnetoresistance anomaly", bears in fact quite a universal character in 2D systems and 
it can also be observed in many 2D-like systems. Starting from our measurements of mag-
netotransport on δ-layers (sheets of doping atoms as thin as one or few atomic layers) embed-
ded into InP we have been able to bring a plausible explanation of the phenomenon which 
could be later confirmed and extended by investigation of a peculiar system with effective 
dimension less than three, namely nitrogen-doped ultrananocrystalline diamond. Besides, we 
have successfully applied the WL concept for a description of multi-delta-systems in parallel 
(in-plane) magnetic field where the out-of-plane weakly localized orbit can control electron 
transport. 
 
21.3.1. Delta-layers in InP 

For our experiment we have chosen as a typical highly disordered 2D system, an InP-
based sulphur-doped MOVPE-grown multi-δ-layer structure showing at helium temperatures 
characteristic features of the presence of 2DEG, such as strongly anisotropic high field mag-
netotransport with QHE [13]. The 2D subsystem consists of ten δ-layers of an intended donor 
concentration of 4×1015 m-2 per sheet and 100 nm apart embedded into the semiinsulating 
material. Measurements were performed on usual Hall bar samples ([13], see also section 
21.4) provided with AuGe alloyed contacts; for the resistance measurements the four probe 
d.c. method. Temperature in the range 1.2-4.2 K inside the sample space of the cryostat was 
controlled by keeping constant He vapour pressure and measured at zero magnetic field by a 
carbon resistor calibrated with respect to a Ge normal thermometer. Magnetic field generated 
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by a small superconducting magnet was determined from the current flowing through the 
series resistance. 

Figure 3 presents an example of typical low-field magnetoresistance curves taken at 
four different temperatures. Close to the beginning the dependences vary only slightly and 
after passing a certain point they start to decrease with an approximately constant slope. The 
behaviour of magnetoresistance just described is observed very often in 2D systems provided 
that the measurements are performed with sufficient accuracy in the millitesla range. As far as 
we know only the structures with appreciable spin-orbit interaction make an exception (see 
e.g. Refs. 9,14,15). It can be seen that the slope at higher fields is larger for lower tempera-
tures while the point at which the curves start to deviate is shifted to lower fields at lower 
temperatures. To describe these facts more precisely we introduce the field Bk at which the 
tendency to decrease just prevails over the effect constraining the resistance to remain con-
stant. It is defined as an intersection of the straight line parallel to the B-axis corresponding to 
the initial resistance value with the extrapolation of the straight line fitting the curve at higher 
fields (see Fig. 3). 

The experimental data can be interpreted as follows. In the case where the plane wave 
representing an electron in the (semi)conductor meets an obstacle, e.g. a cluster of scattering 
centres, it splits into a system of partial waves. Under favourable conditions these partial 
waves can add constructively, giving rise to a relatively stable stationary interference pattern. 
The existence of a stationary pattern means, however, that the electron is effectively localized 
in the vicinity of the cluster. This type of localization, playing an extraordinary role in the 
interpretation of low-temperature transport data of disordered metals and semiconductors, is 
known in the literature as a weak localization [9]. For the realization of an interference proc-
ess leading to the weak localization, the wavelength and phase coherence of all partial waves 
involved have to be preserved. In order to ensure these conditions, all the scattering events 
must be elastic and the electron wave phase coherence length Lφ must exceed the characteris-

tic extension of the scattering cluster. 
Since the interference is, as a rule, very 
sensitive to all types of perturbations, it 
will distinctly depend also on the presence 
of external electromagnetic fields. The 
influence of relatively weak electromag-
netic fields on the sample resistance, en-
countered in our experiments, can be fully 
accounted for by the phase breaking proc-
ess, treated within the frame of Aharonov-
Bohm’s theory [16]. Accordingly, the 
change of the phase Δφ of a partial elec-
tron wave along a path C connecting scat-
tering centres in the cluster is given by an 
integral 
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Fig. 3. Dependence of longitudinal resistance on 
magnetic field in δ-layer system embedded in InP. 
Labels indicate temperature of measurement. For 
2.38 K curve, the method of determination of the 
characteristic magnetic field Bk is shown. 

where ψ represents the time dependent 
electric scalar potential and A the space 
dependent magnetic vector potential. It is 
obvious that if the phase of the partial 
waves is changed appreciably, (we use for 
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the sake of definiteness Δφ ≈1), 
the stable interference pattern 
can no longer exist, the electron 
is released from weakly local-
ized orbit and starts to contrib-
ute to the conductivity of the 
sample. It is apparent from 
formula (3) that the phase 
breaking Aharonov-Bohm’s 
process behind may have two 
independent origins correspond-
ing to electric and magnetic 
terms, respectively. Since the 
electromagnetic oscillations 
(e.g., optical phonons) in the 
sample at finite temperatures 
inevitably persist, the electron 
phase breaking due to the elec-
tric term must always be effec-
tive there. At zero magnetic 
fields, it is just this electric-term 

induced process which by limiting the maximal extent of weakly localized orbits to ~Lφ(0) 
preserves a part of charge carriers free, and, in this way controls the conductivity of the sam-
ple. As the number of free carriers in the system is proportional to the number of virtual orbits 
the dimensions of which exceed Lφ(0), the corresponding enhancement of conductance 
(G−G0), usually called “quantum correction”, can be tentatively expressed by a simple rela-
tion  
 
 γ(G − G0) = 1/Lφ(0), (4) 

 
where γ and G0 are empirical constants. The relative significance of electrically and magneti-

cally induced Aharonov-
Bohm’s phase breaking proc-
esses on the transport may be 
assessed as follows. Applying 
Stokes’s formula to the mag-
netic term in Eq. (3), one can 
immediately reformulate a 
condition for the on-set of 
magnetically induced phase-
breaking sufficient for the 
destruction of interference 
pattern Δφ ≈1 in terms of mag-
netic field |B| =B. Thus, the 
complete phase-breaking 
should take place if the dimen-
sions of the WL orbit exceed 
the so called magnetic length 

 

Fig. 5. Temperature dependence of the quantum correction to 
conductance of the δ-layer system embedded in InP. 

 

Fig. 4. Dependence of characteristic magnetic field deter-
mined from magnetoresistance curves on sheet conductance 
per one δ-layer embedded in InP. Particular points are ob-
tained from measurements taken at different temperatures (see 
Fig. 3). 

 
             λ = (ħ/eB)1/2. (5) 
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Consequently, the external magnetic fields delocalize, i.e. destroy, the orbits the extent of 
which, already limited by oscillating electric field to the value Lφ(0), is larger than magnetic 
length λ. The magnetic field Bk at which the contributions of the electric and magnetic terms 
to the phase-breaking process are just the same is then given by 
 
  Lφ(0) = (ħ/e Bk)1/2. (6) 

 
Eliminating from equations (4) and (6) the microphysical quantity Lφ(0), the following corre-
lation accessible to the direct experimental check should be expected: 
 
 √Bk = γ(ħ/e)1/2 (G − G0). (7) 

 
Actually, such a correlation does exist as is shown in Fig. 4 where √Bk versus G is plotted. 
This plot enables one to determine the constants G0 and γ and, moreover, approving experi-
mentally relation (7) it confirms indirectly also the validity of Eqs. (4) and (6). The latter 
equation may then provide a reasonable estimate for the dimensions of the weakly localized 
orbits involved. For example, in the δ-doped InP based system and for range of used tempera-
tures Lφ(0) varies from 350 nm at 1.28 K to 200 nm at 4.2 K. Let us briefly comment the 
temperature dependence of coherence length (more details are discussed in [17] and [18]). As 
shown in Fig. 5, at low temperatures we have experimentally observed linear dependence of 
(G − G0) on temperature. Such a relation together with an assumed (and experimentally sup-
ported) validity of Eq. (4) allows us to describe temperature dependence of the zero-field 
coherence length as 
 
 Lφ(0)=κ/(T+T0), (8) 
 
where κ and T0 are constants. We have shown [18], that parameter T0 can be explained in the 
framework of the theory based on interpretation of weak localization as result of compensa-
tion of the recoil radiation of moving electron by so-called zero-point radiation (ZPR). 
Namely, quantity T0 is then due to an absence of the low-frequency part of ZPR spectrum due 
to the confinement of the electron system in a dielectric cavity (i.e. finite sample).  
 Briefly, in this subsection we have studied the temperature dependence of low-field 
magnetoresistance anomaly and conductance in WL regime in highly disordered 2DEG. The 
anomaly has been accounted for in terms of the competition between phase-breaking proc-
esses due to the thermally agitated electrostatic and magnetic Aharanov-Bohm effect. The 
model proposed provides simple universal formulae containing only minimum of fitting pa-
rameters which can be easily compared with experiment. 
 
21.3.2. N-doped ultrananocrystalline diamond 

While the low-field magnetoresistance anomaly is well-known (even still controversial 
as for microphysical explanation) for purely two-dimensional systems like the above men-
tioned δ-layers, its observation in a thick semiconductor layer is, in general, unexpected. Let 
us remember that in 3D systems the WL effect is possible; however destroying of the weakly 
localized orbits due to magnetic field is hardly observed [19] because at any orientation of 
external magnetic field only a small portion of the orbits is perpendicular to the magnetic 
vector where the effect of magnetic field on phase shift is the largest. Nevertheless, an appar-
ently three-dimensional system can contain a subsystem with an effective dimension near two 
in which the sensitivity to a magnetic field can be restored. If such a structure controls con-
ductance of the whole system, the effect can be observed experimentally by transport meth-
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ods. We have found just such 
behaviour in layers on nitro-
gen-doped ultrananocrystalline 
diamond (UNCD) as described 
below. 

 device.  

Nitrogen doped UNCD 
thin films of grain size ~16 nm 
were grown [20] by micro-
wave PECVD technique from 
gas phase containing 79% Ar, 
1% CH4, and 20% N2. The 
films of thickness of ~0.8 μm 
were deposited onto standard 
highly insulating quartz sub-
strates, enabling reliable trans-
port measurements. The sam-
ples were then cut in approxi-
mately 5 mm×5 mm squares 
and at the corners provided 
with vacuum evaporated Ti/Au 

based contacts for van der Pauw measurement. For the magnetoresistance measurements 
within the range of 1.2–4.2 K and at fields up to 8 T we used a superconducting magnet and 
cryostat with temperature controlled by He vapour pressure. Oxford Instruments AVS-47 
resistance bridge was employed as a measuring

 
Fig. 6. Temperature dependence of the conductivity measured in 
nitrogen-doped ultrananocrystalline layer. The data are pre-
sented using Arrhenius coordinates and apparent activation 
energy near room temperature is given. 
 

Prior to the low temperature magneto-transport measurements, standard tests at tem-
peratures between 90 and 440 K had been performed. In this temperature range, and at mag-
netic fields up to 0.4 T, practically no traces of magnetoresistance effects were found and only 
a very small Hall coefficient, corresponding to an electron mobility of ~2×10−4 m2/Vs, was 
observed. On the other side, the samples revealed a remarkably high, weakly temperature 
dependent electrical conductivity. Such typical temperature dependence of the electrical con-
ductivity plotted in Arrhenius coordinates is depicted in Fig. 6. When approaching lower 
temperatures, the slope of the curve corresponding to the apparent activation energy EA for 
the carriers involved continuously diminishes. The small and varying value of EA, which is 
everywhere <kT, cannot represent an ordinary activated process but it is more reminiscent of 
a special kind of disordered metal. Indeed, such a view may be supported by an estimate of 
Mott’s metallic transition threshold σM made for this particular case. The relevant formula 
reads [21]  
 
 σM = (8παε0 / ħ) εEA.  (9) 
 

Let us now turn to low temperature magnetotransport data. Figure 7 depicts a set of 
magnetoresistance curves measured at magnetic fields perpendicular to the sample and at 
various temperatures ranging from 1.28 to 3.8 K. At the first glance, the curves resemble 
qualitatively the dependences observed for 2D δ-doped InP system (cf. Fig. 3). At zero mag-
netic field the resistance increases as the temperature decreases, the fact which may be inter-
preted as a symptom of electron localization. Crossover between the low-field, practically 
constant, portion of the curves and decreasing part at higher magnetic fields can be again 
characterized by a parameter Bk (see Fig. 7) which becomes smaller with decreasing tempera-
ture. Total reduction of the resistance in the used range of magnetic fields reaches at T=1.28 
K more than 20%. Observation of such giant negative magnetoresistance, together with the 
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small apparent activation energies of 
conductance, witnesses strongly for a 
transport controlled by a weak localiza-
tion. 

As mentioned above the weak lo-
calization manifesting itself by giant 
negative magnetoresistance is possible 
only if some low-dimensional subsystem 
exists which governs conductance in the 
layer. It is known from optical and elec-
tron spectroscopy measurements [22,23] 
that nitrogen doping leads to a partial 
conversion of sp3 (diamond) phase to sp2 
(graphite-like) one at grain boundaries. 
Further it was found that with increasing 
doping level the conductance of UNCD 
strongly increases. Because nitrogen in 
bulk diamond creates a deep level which 
has a negligible influence on conductivity 
at low temperatures and on the other 
hand, the graphite phase is expected to be 
highly conductive, it is natural to identify 
the conductive subsystem with a network 
of the sp2 phase rich boundaries. Such a 
network has inevitably to exhibit a topo-
logical dimension less than three; hence, 
it can reveal large negative magnetoresis-
tance. An estimate of the coherent length 

according to formula (6) gives an extent of wave function extent of weakly localized electrons 
in UNCD in the range of 20-70 nm. Comparing it with an average grain size ~16 nm we get 
an indication that electrons are localized in a region involving one or few UNCD grains. 

 
Fig. 7. Dependence of longitudinal resistance on 
magnetic field in UNCD layer doped with nitrogen. 
Vector of magnetic field was perpendicular to the 
layer plane; labels indicate temperature of meas-
urement. For 2.29 K curve, the characteristic mag-
netic field Bk is shown by an arrow. 

Summarizing this subsection, it is highly probable that the transport in nitrogen-doped 
ultrananocrystalline diamond is confined to the grain boundaries and that the conductance of 
this subsystem, which has a character of low-dimensional disordered metal, is controlled by 
the capture of carriers on weakly localized orbits. 
 
21.3.3. Out-of-plane localization in multi-delta-layer system 

In section 21.3.1 we studied a multi-δ-layer system, however each δ-layer was consid-
ered independently and their possible interaction was neglected. Main reason why we used the 
structure with ten layers was to increase current in the 2D system and consequently to im-
prove S/N ratio. In this section we show that by magnetotransport measurements it is possible 
to observe some, less noticeable, features which arise from the interaction of parallel δ-layers 
separated by distance comparable with the coherence length. 

Samples investigated were basically the same as in section 21.3.1, namely, GaAs or 
InP based MOVPE grown multi-δ-layer structures. The two-dimensional subsystem consisted 
of ten parallel δ-layers 100 nm apart. Every δ-layer contained silicon or sulphur induced shal-
low donors of planar concentrations per layer covering the range of (2-5)×1015 m-2.  

In perpendicular magnetic fields the low temperature longitudinal magnetoresistance 
Rxx reveals a sharp minimum at a magnetic field Bm accompanied by a plateau (inflection) in 
the Hall resistance at Rxy ≈ h/2e2 per layer. This feature is a manifestation of the integral 
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quantum Hall effect and correspond to the Landau level filling factor ν = 2. It proves the fact 
that multi-δ-layer system behaves at helium temperatures as actually two dimensional and 
simultaneously provides a more accurate value of the electron concentration n = νeBm/h than 
that which can be deduced on the basis of technological data (for more details on the quantum 
Hall effect see section 21.4). Besides the Hall resistance curves exhibit an additional subtle 
quasiplateau in the range of magnetic field of 1-2 T. A detailed analysis of this aspect showed 
[24] that it cannot be explain as due to the QHE but that it originates from a mixed 2D and 3D 
conduction where 3D behaviour is caused by mixing of the excited states of particular δ-
layers. Important effect observed in perpendicular as well as parallel fields applied to the 
multi- δ -layer is due to the so-called shrinkage of the wave functions in the high field limit 
where their diameter (~2× Bohr radius) exceeds the magnetic length ℓB = (ħ/eB)1/2. According 
to theory [25] the dependence of log Rxx on the square of magnetic field should be linear in 
this case which has been in fact observed for B>4.5 T.  

The magnetoresistance measurement in low (lower than ~3 T) parallel magnetic field 
has revealed another feature which rises, in our interpretation, from the existence of multi-δ-
layer environment. Because of its interesting nature and validity for different multi-layer 
systems we will pay main attention to it in this section. Fig. 8 shows a set of magnetoresis-
tance curves measured at various temperatures and corresponding to the parallel magnetic 
field up to 5 T. The common features of these curves may be described as follows. At very 
low fields (0-0.1 T) the resistance is almost constant (cf. Ref. [17]). Then the curves decrease 
by about 3%–5% till the magnetic field reaches a certain value BS (~0.5 T in Fig. 8) where 
this decrease strongly diminishes. After that the symptoms of further oscillations are distin-
guishable before the high field exponential increase of magnetoresistance prevails. Such be-
haviour can be described admitting that some universal oscillatory function scaling with char-
acteristic parameter BS is superimposed on the magnetoresistance curve due to the shrinkage 
effect. 

Weak localization giving 
rise to a negative magneto-
resistance mentioned in the previ-
ous sections vanish in the parallel 
magnetic field provided that the 
electrons do not leave the plane of 
the δ-layer. The above experimen-
tal observation of the negative 
magnetoresistance in the parallel 
magnetic field may be, however, 
consistently explained by the as-
sumption that some electrons are 
also scattered by the centres lying 
out of the particular δ-layer and 
especially by those forming adja-
cent δ-layer. Let us assume that 
during the transport along the δ-
layer the electron shifts over a 
distance corresponding to mean 
distance between neighbouring 
donors, 2/√N, and simultaneously 
is scattered by a centre P lying 
somewhere in a neighbouring 
parallel δ-layer (see the inset of 

 
Fig. 8. Magnetoresistance curves measured at various 
temperatures on InP:Si based multi-δ-layer system. Inset: 
Schematic illustration to the model of the out-of-plane 
localization. 
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Fig. 8). The alternative paths enabling weak localization constitute a triangular loop whose 
orthogonal projection onto the plane perpendicular to the vector B has an area which is inde-
pendent of the position of the point P but depends on the angle α between the vector B and the 
direction of the electron shift in the plane of the δ-layer. By averaging the projected area 
~(d/√N) sin(α) over the randomly distributed angle a we obtain the average area of the trian-
gular loop orthogonal to the magnetic field as ~2d/π√N. Comparing this area with the square 
of magnetic length ℓB

2, i.e., with the area which is at a given magnetic field just sufficient to 
completely destroy the phase coherence of the electron moving on its periphery, we obtain the 
formula 
 
 BS = πħ√N/2ed, (10) 
 
defining the magnetic field BS at which the constructive interference on the triangular loops of 
described type is fully suppressed or, in other words, where the negative magnetoresistance 
reaches its ultimate value. In order to test its validity, formula (10) was compared with ex-
perimental data obtained on various multi-δ-layer systems. For this purpose the field BS was 
determined graphically as the first point on the magnetoresistance curve at which the decrease 
of magnetoresistance stops and was plotted versus √N/d (see Fig. 9). While the graphical 
method of the determination of BS inevitably brings about a rather large error (15%), the co-
incidence of experimental data with formula (10) is astonishingly good. This fact strongly 
supports our opinion that despite the simplifying approach used, the interpretation of the 
negative magnetoresistance as a consequence of the destruction of out-of-plane weakly local-
ized orbits by a magnetic field parallel to δ-layers is correct. 

To generalize the discussion, let us examine the structure of Eq. (10) in more detail. 
Using dimensional analysis [26], this equation may be obtained very easily in the form of 
dimensionless monomial,  
 

                ħ√N/eBd = const. (11) 
 
Obviously, the ensemble of universal 
constants and variables, namely, e, ħ, 
N, d, and B, is relevant to a rather 
wider class of physical situations, and 
the constant in (11) defining the scal-
ing properties of the solution of any 
particular problem cannot be, in gen-
eral, determined without reference to a 
suitable physical model. To illustrate 
this circumstance let us apply our 
approach to a slightly different prob-
lem already solved by more sophisti-
cated methods, namely, to the influ-
ence of parallel magnetic field on the 
two-dimensional bilayer electronic 
system existing in wide quantum wells 
with remote doping [28]. In this struc-
ture the electrons condensing in the 
vicinity of both sides of quantum well 
give rise to two parallel 2DEGs, each 
of which has an effective concentra-

Fig. 9. Dependence of characteristic magnetic field on 
parameter √N/d for different multi-δ-layer systems. 
Experimental data for various systems were taken 
either from literature: 1—GaAs:Si (Ref. 27);4—InP:S 
(Ref. 13) or measured by authors: 2—InP:Si, 3—
GaAs:Si, 5, 7—InP:S, 6—GaAs:S.  
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also equal fractions of small integers, like 1/2, 2/3, etc. [31]. Deciding parameter for an exis-
tence of the particular type of the QHE or for its emergence at all is, besides low tempera-
tures, an amount of the disorder in the 2D structure. This characteristic can be assessed ex-
perimentally e.g. by measurement of electron mobility. Roughly speaking, for 1 K tempera-
ture range the fractional QHE occurs in very clean (low-disordered) samples with the electron 
mobility above about 200 m2/Vs, while traits of the integral QHE can be observed in such 
extremely disordered structures as δ-layers with the mobility as low as 0.4 m2/Vs [24].  

Because we will deal with the structures containing a relatively highly disordered 
2DEG (mobility < 50 m2/Vs) we leave aside theories of the fractional QHE, which mostly 
assume a formation of new kinds of quasiparticles in very little disordered systems (for a 
recent review see e.g. [32]). We remember here only basic concepts currently used for an 
explanation of the integral QHE. Starting point is an emergence of the so-called Landau levels 
if a magnetic field is applied perpendicularly to the 2DEG. These levels arise because of a 
quantization of the electron motion in the 2D plane (motion in the perpendicular direction is 
quantized already without magnetic field by spatial confinement). Energy separation of the 
Landau levels and density of state is proportional to the absolute value of magnetic field B. 
Shapes of the Rxy and Rxx curves in the QHE are then explained as due to a relative motion of 
the Fermi level and the Landau levels caused by a variable occupation of the Landau levels. 
Namely, at the quantum Hall (QH) plateaux, in the so-called QH regime, the Fermi level lies 
in-between of the adjacent Landau levels. All Landau levels below the Fermi level are then 
completely occupied, each with 2D electron concentration equalled to nLL = eB/h, while the 
other upper-lying Landau levels are empty. Filling factor ν is then the ratio of the total elec-
tron concentration to nLL. Let us note that at sufficiently high magnetic fields and low tem-
peratures a lifting of spin degeneracy of the Landau levels plays a role, giving rise to the QH 
plateaux with odd ν’s. 

Simultaneously with the above description it is assumed, and experimentally con-
firmed [33,34], that at edges of the 2DEG (perimeter of the sample) boundary conditions of 
the electron potential lead to a bending of the Landau levels up in the way that they cross the 

Fermi level. Such cross-
ings then create near-edge 
1D-like channels carrying 
current in the QH regime. 
On the other hand, a 
necessary condition for 
an existence of the well-
developed QH plateau is 
a sufficient density of 
states between the Lan-
dau levels able to pin the 
Fermi level in a finite 
range of magnetic fields. 
Such a density of states 
arises due to disorder 
present in the sample - it 
is a reason why integral 
plateaux are better ob-
served in medium disor-
der samples than in very 
clean ones. However, it is 
generally believed on the 

Fig. 11. Measurement setup for electric field penetration method (a), 
sketch of the sample used (b) and simplified equivalent circuit of the 
measured structure and its connection to the bridge circuit (c). 
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basis of experimental as well as theoretical arguments [31] that when the Fermi level is posi-
tioned between Landau levels that the only extended states at the Fermi level are located at 
the edges of the 2DEG while the bulk disorder-induced states are not able to carry current and 
hence not able to screen the external electric field. In what follows we show how it is possible 
to investigate the density of states between the Landau levels in the QH regime by means of a 
sensitive capacitance method and also what new information on the screening ability of these 
states has been obtained [35].  

As a sample we used a GaAs based heterostructure grown on a semi-insulating GaAs 
substrate. The 2DEG (of mobility 43.0 m2/Vs and concentration 3.3×1015 m-2) was located at 
the interface between an undoped GaAs buffer (spacer) layer with thickness s=130 nm and a 
Si modulation-doped AlxGa1-xAs layer(x≈0.3) covered with a thin GaAs (20 nm) cap layer. 
The sample was shaped by wet etching into a circular mesa of diameter 3 mm. The back con-
tact (substrate) and the periphery of the mesa (2DEG subsystem) were provided with alloyed 
AuGeNi based Ohmic contacts, and a gold electrode of diameter d1 was evaporated on top of 
the structure (cap layer). The details of the geometry are depicted in Fig. 11b (a1 = 130 nm, a2 
= 370 mm, d1 = 1 mm, d2 = 2 mm). Simultaneously, another part of the same sample was 
patterned into a Hall bar structure to enable magnetotransport measurements.  

For capacitance measurement we used a manually operated ac transformer bridge 
(GR-1616 [36]) was employed. This unique device working in a three-terminal mode enables 
one to almost completely eliminate the parasitic impedances down to aF provided that the 
measuring circuitry is properly designed satisfying certain requirements. Such a circuitry used 
for our experiments is schematically shown in Fig. 11a. It consists of a metallic (copper) en-
closure which is separated by a conducting partition S with a small opening into two parts and 
is placed inside a superconducting solenoid (0 to 8 T) in a helium cryostat enabling the tem-
perature control within the range 4.2–1.2 K. Both parts of the enclosure are connected to the 
high (H) and low (L) terminals of the transformer bridge by means of low impedance coaxial 
cables. To eliminate ground loops the screen of the high terminal cable was interrupted and all 
of the system of grounds was earthed at one point only (G). This arrangement ensures that the 
bridge measures only the capacitance corresponding to induction lines passing from one part 
of the enclosure to another through the opening in the partition.  

The outer contact of the circular sample was then cemented by a silver paste to the rim 
of the opening in the partition, while back contact and the gold top electrode were connected 
to the low and high terminals of the bridge, respectively. In this configuration when the bridge 
is balanced properly, the potential difference between the summing point L and the ground is 
identically zero and the induction lines terminating at high electrode are split in the 2DEG in a 
certain ratio. Only the penetrating part of them which terminates at the L electrode is indi-
cated by the phase sensitive detector and contributes to the reading CM of the bridge.  

A typical result of capacitance measurement made in magnetic fields perpendicular to 
the 2DEG subsystem is depicted in Fig. 12. The curve reveals well resolved peaks which 
become more pronounced and broad with increasing magnetic field. Comparing this curve 
with the results of routine dc magnetotransport measurements on the Hall-bar structures it is 
clear at first glance that the maxima in CM correspond quite exactly to the QH plateaux with 
integer filling factors ν, which enable us to label the capacitance peaks with the same num-
bers. At a frequency of ~1 kHz and at sufficiently low temperatures (~1.8 K) the even peaks 
do not exceed the common limit at CM ≈ 1.1 pF which is appreciably lower than the capaci-
tance of the sample measured with the 2DEG completely disconnected from the ground 
(floating stratum). In this case the capacitance of the sample was of purely geometrical origin 
and had a value of ~2.6 pF. This fact proofs without ambiguity the existence of a residual 
screening (or, in other words, the existence of radial currents) due to the 2DEG in the integral 
QH regime with ν = 2, 4, 6, etc. The peaks themselves have no single maximum but have a 
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characteristic additional structure which is most apparent for the peak at ν = 2. (Although only 
this case is discussed further, the same arguments are valid also for other even ν ’s.) This peak 
is split into two well distinguished peaks with a flat valley in between. While the position of 
the bottom of this valley is, within limits specified below, perfectly temperature and fre-
quency independent (CM0 = 0.84 pF ± 0.5 %), its width increases with the decreasing tempera-
ture and/or increasing frequency, which shifts both the side peaks towards the edges of the 
QHE plateau. As for the peaks with odd ν’s, they were many times smaller than even peaks 
and in most cases merged with the baseline. An exception was the peak with ν = 3 the height 
of which reached about 20% of the saturated height of even peaks.  
 The observed behaviour is evidently in contradiction with a traditional model of the 
IQH effect mentioned above – see also [30,31]. Indeed, in our Corbino-like structure the cur-
rents supplying the screening charge into the bulk of the 2D system from its grounded periph-
ery have to pass a continuous ring of the 2DEG. In such a case in the integral QH regime the 
Fermi level should be positioned between two adjacent Landau levels where only strictly 
localized states exist, which excludes a coherent transport. Accordingly, the screening should 
be either totally absent or due to another type of incoherent transport which is possible only at 
finite temperatures. While such a model is admissible for the explanation of the behaviour 
near the edges of the EFP peak, it can in no way account for the structure of its central part. In 
order to find out the origin of this discrepancy between our experimental results and com-
monly accepted meaning, we analyze density of states in the 2DEG and its relation to ampli-
tudes of fluctuating potential induced by disorder. 
 To evaluate density of states we use so-called quantum capacitance CQ having a mean-
ing of an effective capacitance of the heterodimensional junction between the 2DEG and the 
3D metallic grounded contact [37] that controls the charge supply into the system which is 
needed for screening of an external applied electric field. Quantitative assessment of the 
screening ability of the 2DEG is obtained from so-called screening 2D screening length λ [38]  
 
 λ = εε0 /ηe2,  (13) 
 

 
Fig. 12. Dependence of the capacitance measured on the Corbino-like sample containing 2DEG on 
magnetic field (solid circles) together with magnetic field dependence of the transversal (Hall) 
resistance obtained on the Hall bar prepared from the same structure (open circles). Numbers indi-
cate filling factors corresponding particular plateaux and peaks. 
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where ε is relative permittivity, ε0 permittivity of vacuum and η is the density of accessible 
states in 2DEG. Using a relation CQ= εε0 A/λ (A being an area of 2DEG) [35] we can evaluate 
density of accessible state able to screen from the equation 
 
 η= CQ/ Ae2. (14) 
 
Relation between CQ and the measured capacitance CM can simply be obtained from an ele-
mentary analysis of circuitry used (see Fig. 11c), and is given by a formula 
 
 CQ = C1C2 (1/CM −1/C2), (15) 

 
where C1 and C2 are capacitance of the layers above and below 2DEG which are calculated 
from the sample geometry. 

The kernel of our model presented is based on the relations between density of acces-
sible states at the Fermi level η and amplitudes of disorder induced fluctuating potential. The 
role of the disorder in a traditional approach to the integral QH effect is, as a rule, limited only 
to the conditions necessary for the bare existence of the QH plateau, i.e. breaking of the trans-
lation invariance and smoothing of the edge potential [30,31]. It can be shown, however, that 
the disorder introduced by the random distribution of impurities in the source (doped) layer 
which is inevitably present in all 2D structures revealing the integral QH effect may be in 
some cases sufficient to deform the system of the Landau levels in such a way that their am-
plitude of variation is comparable with their energy distance. Indeed, the amplitude w0 of 
long-range potential fluctuations due to the Coulomb interaction over the most probable dis-
tance between non-correlated donors of concentration N within the source layer can be esti-
mated using Hertz - von Smoluchowski’s [6] formula as 
 
 w0 = (e2/εε0) √(N/8π). (16) 
 
Evaluation of formula (16) for ε=13 and N=3.3×1015 m-2 gives w0≈16 meV which comparable 
with Landau level separation (12 meV) at B=6.7 T, i.e in the middle of plateau with ν=2. The 
amplitude w of potential fluctuations present in the plane of the 2DEG (i.e. the actual width of 
the impurity induced energy band) which is a superposition of random harmonics of the 
source layer potential is essentially given by w0 multiplied by the aspect ratio λ/2s (cf. [39]), 
where 2s is the distance between the source layer and its electrostatic image in the 2DEG. The 
formula for w then reads  
 
 w = √(N/32π)/ ηs. (17) 
 
According to Eq. (17) the width of impurity induced potential profile should change apprecia-
bly with the variation of density of accessible states in the vicinity of the Fermi level. It is 
evident that with decreasing η the concentration of electrons at the Fermi level also dimin-
ishes and their number is not sufficient to equalize all irregularities of induced potential pro-
file which thus become more pronounced. This process continues till the density of accessible 
states reaches a certain critical value ηC at which the complete denudation of the potential 
profile characterized by the condition w ≈ w0 takes place. At this point ηC can be estimated as 
 
 ηC

 = εε0 / 2se2 (18) 
 
and the corresponding concentration of electrons within the impurity induced band as 
 nC = √(N / 32π) /s. (19) 
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We claim that the relations just derived fit 
very well the behaviour actually observed at the 
central part of the integral QH plateau. Indeed, the 
density of states η evaluated by means of formula 
(14), from the experimental dependence of CQ on 
the magnetic field reaches in this region a constant 
value of ~1.9×1034 J-1m–2 which is very near to the 
rough estimate of ηC ≈ 1.7×1034 J−1m−2 made on the 
basis of equation (18) using s = 1.3×10-7 m. These 
figures together with the estimate for nC ≈ 4.4×1013 
m-2 excellently account for the observed reduction 
in the screening ability of the 2DEG in the IQH 
plateau to ~1% with respect to the base-line value 
(η ≈ 1.8×1036 J−1m−2, n ≈ 3.3×1015 m-2). 

It should be further stressed out that in the 
state which is characterized by the condition ηC ≈ η 
the electrons having concentration as low as nC are 
incident only with the oscillating impurity induced 
band and thus cannot continuously reach all the 
points in the 2DEG plane. The electrons are thus 

made to create a new phase of dimension < 2 in which the density of states within the limits 
of experimental error in a certain range of magnetic fields is perfectly constant and independ-
ent of temperature and frequency, just as we observed for the flat valley near the centre of the 
Hall plateau (between 6.6 T and 7.1 T in Fig. 12). 

 
 
Fig. 13. Model of 1D states penetrating 
from the edge of Corbino discs to its 
interior in the quantum Hall regime. 

Therefore we have very likely to do with the topological phase transition between the 
diluted, highly disordered 2DEG and the irregular network of effectively 1D channels. In 
other words, electron depletion of the 2DEG near the centre of the Hall plateau diminishes the 
effectiveness of screening there and, consequently, enables in the bulk of the system devel-
opment of large-scale potential fluctuations with the amplitude comparable to the distance 
between the consecutive Landau levels. At the intersection of the Fermi level with these Lan-
dau levels copying the random potential profile then arise a system of so called Chklovskii-
Shklovskii’s stripes [40] penetrating along the potential hills and valleys into the bulk of the 
2DEL. It is obvious that our picture resembles very closely the Chalker-Coddington model of 
disordered two-dimensional electron liquid [41] according to which the compressible 1D 
stripes, reflecting the random structure of potential fluctuations, creep into the bulk of 2D 
liquid in the form of “dragon paths” having a character of Peano’s self-affine curves [42]. A 
somewhat idealized picture of this model for the Corbino disc is depicted in Fig. 13. 

Although we do not discuss here all details of the measured curves, as a final point we 
should mention why before reaching the flat part, i.e. before the phase transition, the CM-B 
dependence falls down. Increase of the amplitude of the potential fluctuations mentioned 
above results in a development of large scale potential fluctuations. Some of these fluctua-
tions extend to the close vicinity of the contact and therefore create, in regions where the 
Fermi level cuts the deformed Landau levels, new transport channels which can supply the 
electrons from the ground into the interior of the 2DEG. The screening ability of the system is 
improved in spite of further decrease in a number of free electrons involved and the process 
should be accompanied with decrease of CM which is actually observed near 6.5 T in Fig. 12. 

To recapitulate this section, we have shown as that the high sensitivity capacitance 
measurement in the special arrangement (improved electric field penetration method) is an 
extremely useful tool for investigation of density of states in two-dimensional electronic sys-
tems. Using this method the finite residual density of the bulk extended states existing in the 
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integral quantum Hall regime was discovered. It was further shown that these states can be 
described as 1D quantum channels percolating from an edge of the sample throughout the 
impurity induced potential profile into the bulk of the system. 
 
21.5. Grain boundaries in superconductive nanodiamond 
 

In nitrogen-doped UNCD samples discussed in section 21.3.2 the grain boundaries 
form a low-dimensional subsystem which controls the electron transport in UNCD as a whole. 
Substantially different situation is observed in another diamond-based system, in nanocrystal-
line diamond (NCD) heavily doped with boron. Here, the boron atoms are incorporated in the 
diamond lattice mainly substitutionally, forming in this way shallow acceptors. This leads to 
high p-type conductivity and, at low temperatures, even to superconductivity both in poly-
crystalline diamond films with different size of grains and in single crystal diamond. How-
ever, in heavily boron-doped diamond with grains of size ~100 nm we have detected, mainly 
in superconducting state, some features which are controlled or modified by the grain bounda-
ries. Especially, it turns out that point contacts between the grains, revealing in superconduct-
ing state characteristics of the so-called weak links, are decisive for many observed phenom-
ena. Just effects the grain boundaries and involved point contacts, which both can be under-
stood a special kind of disorder, will be discussed in this section. Nevertheless, we start with a 
short survey of transport properties of highly B-doped diamond in general, which gives us a 
background for further discussion of the grainy material. Moreover we will see that the weak 
localization, previously widely discussed for 2D and 2D-like systems, can play a crucial role 
even in the purely three-dimensional system - bulk single crystal diamond. 
 
21.5.1. Weak localization and superconductivity in boron doped diamond 

Boron doped diamond (BDD), prepared either by high pressure high temperature tech-
nique (HPHT) [43], by plasma enhanced chemical vapour deposition (PECVD) [44-46] or by 
hot filament assisted CVD [47], is a unique material which provides the playground for vari-
ous quantum transport phenomena, such as hopping, weak localization, ballistic transport, 

unconventional superconductivity 
and Josephson’s effects [48-51]. By 
different growth technique polycrys-
talline films with grain size from 
~100 nm (nanocrystalline diamond) 
up to ~10 μm are obtained. Besides, 
PECVD technique enables one to 
prepare single-crystalline epitaxial 
layers [52,53]. Boron doping con-
centration, achievable by all growth 
techniques without appreciable 
segregation, can reach ~1027 m−3.  

The most spectacular phe-
nomenon observed in BDD with 
boron concentration of ~5×1026 m−3 
or higher is the superconducting 
(SC) transition observed at tempera-
tures ~1-10 K depending on doping 
level and growth technique. Fig-
ure 14 depicts an example of typical 
temperature dependence of resistiv-

 
Fig. 14. Temperature dependence of resistivity in highly 
boron-doped diamond. Behaviour of the resistivity of 
ordinary metal (Pb) near the superconducting transition 
is shown in the inset. 
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ity measured in highly boron-doped diamond while a detailed vicinity of the SC transition is 
displayed in Fig. 15. Let us notice weakly increasing resistivity with decreasing temperature 
in a wide range of medium and high temperatures above the SC transition. Such behaviour is 
very characteristic for all highly boron doped diamond samples [43,44,46,54] and it is mark-
edly different from that found in ordinary superconducting metals as lead (see inset of 
Fig. 14). This difference will be shown essential and will be explained in our model of super-
conducting BDD presented below. 

Let us first recall the conditions which are essential for superconductivity in general 
[55]. There is a consensus that in a solid state, any attractive interaction near the Fermi level 
dominating the Coulomb interaction can lead to the charge carrier pairing. Such paired fer-
mions (Cooper’s pairs) may occupy, in contrast to the single fermions, the common, “collec-
tive” ground state which is separated from the sea of excited single fermions by a finite en-
ergy gap Δ(T). The very property of the Cooper pairs occupying the ground state is that they 
are indistinguishable by any quantum measurement. Consequently, in case where the ground 
state is extended from one side of a macroscopic sample to its other side, the transfer of paired 
carriers via this state is inevitably non-dissipative, i.e. the sample can be regarded supercon-
ducting with respect to the transport properties. The aim of any research into the superconduc-
tivity may thus be reduced to the identification of pairing mechanism and to the specification 
of the symmetry of the corresponding ground state. 

At present, three types of competitive theories are used for the explanation of the su-
perconductivity in heavily BDD. The main stream is represented by various modifications of 
classical Bardeen–Cooper–Schrieffer (BCS) theory based on phonon-mediated pairing [56-
59]. A review discussing this theory both for BDD and for other semiconductors can be found 
in [60]. The second approach, correctly describing most of the experimentally observed fea-
tures, is “correlated impurity band theory” of Baskaran [61]. The third variant of the theory 
accounting for superconductivity in BDD, which is due to the authors of this article, is based 
on the spin-flip-driven pairing of holes weakly localized in the vicinity of the Fermi level 
[50,51]. The simultaneous existence of different, more or less equally justified theories makes 

it obvious that the a-priori choice of 
a pairing mechanism followed, e.g., 
by the “derivation of correct value 
of TC” cannot serve as a proof of a 
particular theory. The problem is 
more complex, requiring the seeking 
of supplementary experimental 
indications discriminating some of 
the pairing mechanisms. An exam-
ple of a successful identification of 
pairing mechanism is BCS theory 
applied to such ordinary metals and 
alloys as Sn, Pb, Nb3Ge and others. 
In that case, isotope effect [62,63] 
eliminated any pairing not related to 
the phonons. A very similar idea is 
also behind recent attempts at prov-
ing that the pairing mechanism in 
heavily boron-doped diamond is 
phonon mediated [64,65], which, 
however, cannot be unambiguously 
interpreted [66]. Hence, the reliable 

 

Fig. 15. Resistance of the thin boron-doped nanocrystal-
line film (thickness ~400 nm, grain size ~200 nm, boron 
concentration ~4×1027 m-3) as measured by van der Pauw 
method at low temperatures. Hatched region depicts a 
width of the superconducting transition. 
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experimental proof determining the pairing mechanism in superconducting BDD is lacking at 
present and possible explanation the phenomenon has to be based on combining experimental 
observations with some arbitrary construction. Our attempt for such reasoning is given in 
what follows. 
 As mentioned in section 21.3, a fingerprint of weak localization is the giant negative 
magnetoresistance. This effect, being dependent on the relative orientation between the plane 
of weakly localized orbit and the vector of magnetic induction, is in low-dimensional struc-
tures of a rather spectacular nature reaching there more than ~10 %. In 3-dimensional conduc-
tors, however, due to the random positions of weakly localized orbits with respect to magnetic 
vector the effect is not so well pronounced (~0.1 %) and, moreover, it is usually overwhelmed 
by the so called shrinkage effect [5] leading to the positive magnetoresistance. Therefore in 
3D we have to look for other traces of WL. We believe that the presence of weak localization 
in a 3D conductor is manifested by an increase of the sample resistance with decreasing tem-
perature with simultaneous absence of a real energy gap there. Experimentally we could con-
firm such a feature in BDD by measuring temperature dependence of the conductivity and by 
evaluation of the apparent activation energy Γ in Arrhenius plot in a wide range of tempera-
tures – see Fig. 16. We found Γ < kT everywhere between ~2.4 K (onset of the superconduc-
tivity transition) and ~350 K. As deduced in section 21.2 it implies that the BDD has to be 
treated, below 350 K, as a disordered metal. The only known microphysical model corre-
sponding of such localization behaviour in disordered metals is a temperature dependent 
quantum interference of electrons in disorder-induced potential – weak localization. 

Further, let us mention an important experimental fact that the superconductivity in 
highly boron-doped diamond is observed only if the system becomes Mott’s metal, i.e. if the 
actual hole concentration there exceeds the theoretical Mott’s threshold value pM. Formula for 
this value reads ([4], cf. also formula (2)) 
 
 aB pM

1/3 = 0.26 ± 0.01, (20) 
 

where aB is Bohr’s impurity 
radius. As the boron behaves 
in diamond likely as a regular 
shallow impurity [67] with aB 
≈ 3.1×10−10 m, we immedi-
ately obtain for the threshold 
concentration a value pM ≈ 
6×1026 m−3. This value de-
scribes very well the experi-
mentally observed crossover 
between weak and strong lo-
calization [68] and simultane-
ously corresponds to a thresh-
old above which is the super-
conductivity in the BDD is 
detected [45].  The fact that 
BDD revealing the supercon-
ducting transition is disordered 
Mott’s metal controlled above 
TC by weak localization has 
lead us an assumption that the 
effects dominating the trans-

Fig. 16. Temperature dependence of conductance of highly 
boron-doped diamond film (hole concentration ~3×1027 m-3) in 
Arrhenius coordinates. Apparent activation energies deter-
mined from the slope of the dependence are indicated for sev-
eral different temperatures.  
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port above TC likely play the dominant role in superconducting transition. (Note that the same 
conjecture is valid for the superconducting transition in ordinary metals treated within the 
BCS theory. Indeed, in ordinary metals, the transport above TC is dominated by electron-
phonon interaction, as well as the superconducting transition.) Starting from the above as-
sumption we can build the following deductions [50,69]. In disordered Mott’s metal, the Cou-
lomb and exchange interactions at distances larger than the Bohr radius aB cease to play a 
substantial role. Simultaneously, the effect of weak localization gives rise to the temporarily 
stable coherent single-electron (hole) interference patterns having intrinsic extent ξ = hvF 
/4kT, where vF is the Fermi velocity, and characteristic Orstein’s coherence time τ = h/2kT 
[70]. Respecting then our conjecture, the attraction between oscillating weakly localized car-
riers mediated by a periodic polarization of the host lattice (i.e. electron-phonon mediated 
interaction), should be confined to the energy band of width ≈ h/τ. On the other hand, the 
direct Heitler-London electron-electron interaction is, because of the said screening, reduced 
to the attractive spin-spin interaction represented by the energy gap [50] 
 
 Δ=2μ0μB

2/b3. (21) 
 
Here b is the inter-atomic distance in the host lattice, μ0 the permeability of vacuum and μB 

the Bohr magneton (b ≈ 1.54×10−10 m, Δ ≈ 3.7×10−4 eV). Obviously, both types of attractive 
interactions, i.e. the electron-phonon mediated and the direct spin-spin interaction, may oper-
ate simultaneously or cooperate in creating Cooper pairs. Taking, however, into account the 
fact that for temperatures just above the superconducting transition (say for T ≤ 2 K), it must 
be h/τ = 2kT ≈ 3.4×10−4 eV < 3.7×10−4 eV ≈ Δ, which means that the spin-spin interaction is 
the most robust attractive interaction present. Moreover, in contrast to the electron-phonon 
mediated interaction, the spin-flips are unavoidable for the establishment of proper symmetry 
of the ground state satisfying the Pauli exclusion principle. Applying the philosophy of Oc-
cam’s razor, one has to believe in spin-flip model of pairing mechanism in BDD. 

For the discussion of the superconductivity in a given system, a consideration of other 
energy scales involved is also important. The upper cut-off energy for phonons is set by the 
Debye energy kθD. In diamond, the Debye temperature θD = 2230 K and kθD = 0.192 eV. 
Analogous cut-off energy for holes is the Fermi energy [71]:  

 
 EF=9.57(ħ2/2m)NB

2/3, (22) 
 

where NB is the concentration of electrically active boron acceptors. For Mott’s metal of con-
centration NB ≈ 2×1027 m−3, the Fermi energy EF formally amounts to ≈ 0.58 eV. The energy 
scales in a metallic BDD may thus be in the vicinity of the transition temperature TC ordered 
as follows: h/τ ≈ Δ<< kθD < EF. This means that the quantities relevant to the superconducting 
transition are much smaller than other energies characterizing the system as a whole. This 
circumstance, largely simplifying the theoretical description of the superconducting transition, 
is the essence of the so called weak coupling approximation originally developed within the 
BCS theory [55,72]. On the basis of quite general thermodynamics arguments, this approxi-
mation leads to the universal scaling relation connecting Δ and TC, which has the character of 
the “law of corresponding states”, namely:  

 
 Δ=1.76 kTC. (23) 

 
It is worth noting that relation (23) is very often erroneously used as a fingerprint of phonon-
driven pairing mechanism, whereas it is merely the direct consequence of weak coupling 
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approximation, which is also valid for our spin-flip pairing model. Moreover, the experimen-
tally confirmed validity of scaling law (23) excludes any pairing mechanism exploiting high-
frequency phonons having energy comparable, e.g., with the Debye energy. These very facts 
should be considered seriously before accepting a theoretical approach for interpretation of 
experimental data. 

Anyway, the usefulness of relationship (23) is quite obvious. For example, it enables 
the assessment of change of TC due to the increase of the gap Δ in consequence of host lattice 
deformation. Indeed, combining equations (21) and (23) and computing the derivative with 
respect to parameter b, we obtain a relation 

 
 dTC = -(1.14μ0μB

2/kb4)db. (24) 
 

Inserting b = 1.54×10−10 m, we obtain dTC = −4.76×1010 db. Effective local lattice deforma-
tion due to the substitution of C atom by B atom will increase the distance between the near-
est neighbouring atoms by an amount of db ≈ 1.1×10−11 m. (Note that the covalent radii of 
carbon and boron are 7.7×10−11 m and 8.8×10−11 m, respectively.) According to formula (24), 
the TC has to decrease about ≈ 0.5 K; we thus predict the existence of a maximum in the de-
pendence of TC on boron concentration followed by a decrease of TC at appreciably high 
concentrations [59]. 
 
21.5.2. Modulation of superconductivity by grain boundaries 

Central concept serving for description of superconductivity in grainy and other inho-
mogeneous systems is so called weak link. This is a region inserted between two lumps of 
superconductor where the order parameter is reduced appreciably, however, without ceasing. 
The weak link has not the properties of a regular superconductor, nevertheless, it is simulta-
neously assumed to be able to carry supercurrent. The most frequent model of the weak link is 
a resistively shunted junction. The total current flowing through the weak link is split there 
into a supercurrent component flowing directly through the junction and a normal current 
flowing through the shunt resistance. As the amplitude of the supercurrent has its upper limit 
given by a value of the critical current, iC, the weak link inserted into the superconducting 
system brings about the so-called resistive behaviour, i.e. the finite sharpness of supercon-
ducting transition and the appearance of ohmic resistance in this region.  

Influence of granularity on resistive behaviour may be clearly demonstrated by analy-
sis of experimental data on the SC transition observed in various equally boron-doped dia-
mond systems having different grain size. If we specify the relative width of the SC transition 
as a ratio δT/TC, where δT is the difference between the on-set and the off-set transition tem-
peratures and TC is the off-set transition temperature (width of hatched region in Fig. 15), we 
obtain the following figures. For materials having grain size from the ~100 nm range, i.e. for 
really nanocrystalline materials this ratio δT/TC ≈ 0.3–0.4 [43,44,69] whereas for films com-
posed of crystals larger than ~10 μm and for epitaxial single crystal layers this ratio attains an 
appreciable smaller value, δT/TC ≈ 0.1 [45,53,54]. Hence presence of numerous grain bounda-
ries in nanodiamond really enhances the resistive behaviour. Let us add that the full account 
of the finite sharpness of the SC transition would also require considering boron fluctuations 
and their effect on formation of the superconducting infinite cluster. 
 Another extremely important consequence of insertion of the weak link into the super-
conducting circuit is an appearance of Josephson’s supercurrents. It is a rather fundamental 
quantum feature of supercurrent that it is, in a contrast to normal current, driven not by the 
voltage but by the phase difference. As, on the basis of quite general quantum-mechanical 
considerations [72], the observed rate of change of the electron (hole) phase difference be-
tween two distinct points in the superconductor is directly proportional to the difference of 

477



electrochemical potentials at these points, the following relations between the voltage drop 
and the supercurrent may be deduced. For zero voltage drop (e.g. in the absence of weak link) 
the phase difference will be constant giving rise to a constant d.c. supercurrent. Alternatively, 
at a finite constant voltage drop maintained on the weak link by some external mean the phase 
difference will continually grow. In such a case, however, because of the 2π periodicity of the 
phase also an oscillating supercurrent reflecting this periodicity should appear there [55]. The 
frequency f of this co called Josephson’s a.c. supercurrent is given by a fairly simple formula 
 
 hf =2eV. (25) 
 
 Let us now consider the highly boron-doped NCD in superconducting state near the 
transition temperature TC. We identify the source of voltage difference between the 
neighbouring grains with the thermal noise of normal component of electron fluid. The mean 
square of voltage corresponding to the thermal agitation of this normal component at transi-
tion temperature TC may be evaluated using a simple formula due to de Haas-Lorentz [73] 
 
 <V2>= kTC/C, (26) 
 
where brackets mean the time averaging and C is a geometric capacitance of grain junction. 
Combining then equations (25) and (26), we obtain a relation 
 
 < h2f2>= 4e2 kTC / C, (27) 
 
which allows us to express electromagnetic energy hf of the a.c. supercurrent in terms of 
inter-grain capacitance and transition temperature. Necessary condition for stability of the 
superconducting state is that this energy is larger than energy e2/2C for transfer an electron 
from one grain to another (charging energy). It leads to a criterion for stability of supercon-
ductivity in grainy material  
 
 TC > e2/16kC = 1.16× 10−16/C. (28) 
 

We see that for evaluation of the formula (28) the capacitance between grains has to 
be estimated. For this purpose we have developed the following simple model. We assume 
first that in a polycrystalline, otherwise homogeneous material the barriers between 
neighbouring grains are due only to the orientation mismatch of their lattices so that the ex-
pected barrier thickness s should be approximately equal to doubled diamond lattice constant 
(i.e. s ≈ 2a). This assumption enables one to make reasonable estimates of upper and lower 
limits of inter-grain (i.e. interface or junction) capacitance C, an important quantity, which 
will be employed in further considerations. If the intimate contact area, where the surface of 
one grain adheres closely to another, were as large as a square of characteristic grain size d, 
the interface capacitance C would be obviously given by 
 
 C= εε0d2/2a, (29) 
 
which gives for d= 200 nm value of inter-grain capacitance equal to ~2.8×10-15 F. On the 
other hand, if the contact between grains is confined to one point only (see insert of Fig. 17); 
the following Russell's formula [74] for the capacitance of two spherical conductors when 
close together is adequate, namely 
 
 C = π εε0d [γEM + 1/2ln(d/2s)]; (30) 

478



s = 2a (a≈3.56×10−10 m) repre-
sents here the nearest distance 
between the surfaces of two 
spheres having the same di-
ameter d and γEM =0.577… is 
Euler–Mascheroni's constant. 
Lower estimate of the junction 
capacitance based on this for-
mula then gives for d≈200 nm 
a value C≈1.08×10−16 F. As 
formula (29) for the inter-grain 
capacitance put into the crite-
rion (28) would shift the lower 
limit of TC down to non-
realistic values, we are con-
vinced that the model assum-
ing a few point contacts be-
tween the neighbouring grains 
with, say, a single preferential 
one is more adequate than the 
flat contact realized over the 
whole contact area. The curve 
based thus on relation (28) and 
Russell's formula (30) is plot-

ted in Fig. 17. From this plot it is apparent that for grains large enough, i.e. d≥100 nm, the 
superconductivity of polycrystalline material should not be appreciably influenced by the 
absolute size of the grains. Under this limit, however, a rather fast deterioration of supercon-
ductivity with decreasing grain size is to be expected. Let us note that the above consideration 
on the few-point grain junctions agrees very well with what we can deduce from our knowl-
edge on the growth processes [23]. Because of treatment of substrates before growth the posi-
tions and orientations of nucleation centres on the substrate are quite random. Therefore, also 
the matching of the lattices of the neighbouring diamond crystals in ready-made polycrystal-
line film cannot be perfect in principle. Hence, on purely geometrical grounds, the satisfactory 
matching of neighbouring grains can be achieved only in a limited number of small spots. 

Fig. 17. Stability region (gray area) of superconductivity in a 
polycrystalline diamond of grain size d. TC means here the 
transition temperature intrinsic to the material of the grain. 
The bold point corresponds to the typical highly boron-doped 
NCD samples studied. Inset depicts a schematic view of con-
tact between two neighbouring diamond grains separated by a 
minimum distance s. 

 Summarizing this subsection, we have shown that in nanocrystalline heavily boron-
doped diamond the superconductivity properties (transition temperature and width of the 
transition region) are modified by presence of the grain boundaries. These effects are con-
trolled by small (point-like) inter-grain contacts playing a role of superconducting weak links. 
 
21.5.3. Josephson’s noise 

In this subsection we show that an existence of weak links in superconducting boron-
doped diamond can be supported also by noise measurements. The basic idea and the ar-
rangement of the experiment are closely related to that of low-temperature noise thermometry 
[75], where small voltage differences appearing across an ohmic resistor are converted by a 
SC loop with a weak link into Josephson’s AC (RF) signal. The resistive behaviour of B-NCD 
observed in the SC transition region (see 21.5.2) ensures, namely, that the current flowing 
through the sample generates, in the array of weak links, a minute potential gradient and, 
consequently, oscillating Josephson’s supercurrent. Direct observation of such a type of signal 
may thus serve as a proof of the existence of an array of weak links in the B-NCD sample. For 
this purpose we set up a simple apparatus which is schematically depicted in Fig. 18a. 
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A floating current source realized by a galvanic cell with potentiometer was connected 
by a triaxial cable to two neighbouring contacts on a B-NCD sample which was placed in a 
screened cavity in a helium cryostat. The RF signal was collected from voltage probes of the 
sample and analyzed by the home-made band-pass filter realized by a normal capacitor with 
build-in toroidal coil winded on a Teflon core. The band–pass filter being tuneable only in a 
vicinity of 10MHz (±0.5 MHz) enabled one to analyze only the low-frequency Josephson 
signals. 

Applying, at a constant temperature of ~1.3K<TC and zero magnetic field, an exciting 
current slightly smaller than the critical one, i=10 mA, (iC ≈ 11.1 mA), a maximal enhance-
ment of signal at frequency of ~9.7MHz was observed. This effect, which should be accord-
ing to our expectations due to the generation of RF Josephson oscillations in the sample, may 
be consistently accounted for as follows. The existence of Josephson’s oscillations at this 
frequency witnesses, namely, to the voltage drop between neighbouring SC grains which has 
to be a consequence of a certain normal current, iN, flowing through the resistance RN shunt-
ing the Josephson junction in a corresponding weak link. Taking into account Eq. (25), the 
normal current necessary for generation of Josephson’s oscillations at frequency f can be 
evaluated using an obvious formula, 
 
 iN = πhf / eRN. (31) 
 
The corresponding value of normal current shunting the typical weak link is thus in our case 
iN≈5.0×10-11 A. This figure may be immediately compared with the value of the supercon-
ducting current component as given by Larkin’s formula [76] 
 
 iC ≈ Δ(0)/eRN. (32) 
For our case where RN ≈ 400 Ω and superconducting gap (see section 21.5.1) Δ(0) ≈ 
3.7×10−4 eV, we obtain a value iC ≈ 9.2×10−7 A which is much higher than the value of iN 

 
Fig. 18. Schematic view of the experimental apparatus used for the detection of current-induced 
Josephson’s r. f. noise signal (a) and dependence of the noise signal amplitude observed at fre-
quency of ~9.7 MHz on magnetic field compared with the magnetoresistance curve measured at the 
same temperature T ≈ 1.3 K.  
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above. We can thus conclude that the branching-off of the normal current component in weak 
link is almost negligible.  

The situation, however, noticeably changes if the magnetic field perpendicular to the 
NCD layer is applied. It is a well-known fact that, with increasing magnetic field, the critical 
current diminishes. As, furthermore, the fundamental condition for the supercurrent iS has to 
remain valid, iS ≤iC, then by keeping the total current through the sample constant, the normal 
current iN should increase appreciably, giving rise to a voltage drop between neighbouring SC 
grains and, simultaneously, to the shift of Josephson oscillations to higher frequencies. Just 
such an effect can be recognized in Fig. 18b where the signal amplitude observed at constant 
frequency ~9.7 MHz decreases with increasing magnetic field. Moreover, the disappearance 
of a Josephson signal, because of its shift to higher frequencies, is correlated with the magne-
toresistance curve measured at the same temperature (depicted also in Fig. 18b). As we be-
lieve, this is a natural consequence of the fact that the very mechanism of resistive behaviour 
is just the branching-off of the normal current from the total current flowing through the weak 
link. 

Hence, the model of boron-doped NCD at low temperatures as a system of supercon-
ducting grains connected by weak links is also confirmed by measurement of Josephson’s 
noise and its magnetic field dependence. 
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22. 1.  Diffusion structural diagnostics of solids 
   

 Diffusion structural diagnostics of solids consists in the characterization of 
diffusion properties of solid samples by using inert gases as traces. Changes in surface 
morphology and microstructure of the solid samples during thermal treatments and 
changes due to chemical, mechanical or radiation interactions  can be studied by the 
diffusion structural diagnostics methods. 
 Emanation thermal analysis (ETA) [1-3], based on the measurement of the 
radon release from samples, is one of the methods used in the diffusion structure 
diagnostics of solids.  
 As most of the solids to be investigated do not naturally contain atoms of 
radon it is necessary to introduce the radon atoms in the samples prior to the ETA 
measurements. 
 To introduce the radioactive trace into the solids, the samples are labeled by 
parent radio-nuclides 228Th and 224Ra, serving as a quasi-permanent source of radon 
atoms 220Rn. The used specific activity of the parent radionuclide 228Th is in the order 
105 Bq per gram of the sample. 
 

22.1.1. Use of recoil energy of α-decay for radon atoms implantation into 
solids 

 Atoms of 220Rn radon radionuclide are formed by a spontaneous α-decay of 
228Th and 224Ra radio-nuclides according to scheme Eq.1 
 

   (1) 
 
and the 220Rn atoms can be introduced into the solid owing to the recoil energy of the 
spontaneous α-decay (85 keV per atom). The samples can be labelled by using an 
adsorption of traces of 228Th as nitrate from a solution. 
 Due to the energy of the spontaneous α-decay of 228Th and 224Ra radio-
nuclides the atoms of 220Rn can penetrate into the sample several tens of nanometers 
from the surface depending on the composition of the materials .The values of the 
maximum penetration depths of 220Rn were determined by the Monte Carlo method 
using TRIM code [4], e.g. for SiO2 :65.4 nm, for zircon (Zr SiO4) : 60 nm and 
brannerite mineral (U1-xTi2+xO6  ): 60 nm. 
 

22.1.2. Trapping and release of radon atoms from solids 
 Radon atoms can be trapped in solids at structure defects such as vacancy 
clusters, grain boundaries and pores. The structure defects in the solids can serve both 
as traps and as diffusion paths for radon atoms. 
 The radon formed by spontaneous α-decay of 224Ra may escape from the solid 
either by recoil energy ejection or by diffusion. The term emanation rate, E, has been 
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used to express the release of radon from solids. It is defined as the ratio of the radon 
release rate to the rate of radon formation by the spontaneous α-decay of 228Th and 
224Ra in the investigated solids. 
  It has been determined experimentally (in relative units) as E = Aα/Atotal, where 
Aα is the α-radioactivity of radon released in unit time from the labeled sample and 
Atotal is the total γ -radioactivity of the labeled sample. The Atotal value is proportional 
to the rate of radon formation in the sample. 
 In the evaluation of the radon release from solids several mechanisms have 
been supposed, namely the radon release by recoil mechanism, the diffusion in open 
pores, and the volume diffusion mechanism.  
 The experimentally obtained values of the emanation rate, E , can be 
considered as:  

 E = E(recoil) + E(pores) + E(solid).    (2) 
 

The emanation rate due to recoil, E (recoil), can be expressed as 
 

 E(recoil) = K1 S1     (3) 
 

where K1 is a temperature independent constant, proportional to the penetration depth 
of recoiled radon atoms in solids investigated and S1 is external surface area of sample 
particles. The path of recoiled atoms of radon is dependent on the “nuclear stopping 
power” of the sample material. 
 The emanation rate due to diffusion in pores, E (pores), is expressed as  
 

E(pores) = K2 S2      (4) 
 

where K2 is a constant that depends on temperature and S2 is internal surface area of 
the sample depending on the surface of open pores, cracks  and intergranular space . 
The emanation rate due to volume diffusion mechanism, E (solid), is expressed as  
 

 E(solid) = K3 exp(-Q/2RT) S3   (5) 
 

where K3 is a constant related to the atomic properties of the lattice, Q is the 
activation energy of Rn diffusion in the solid, S3 is surface area, R is molar gas 
constant, and T is temperature. 

The growth of the emanation rate values, E (T), may characterize an increase of 
the surface area of interfaces, whereas a decrease in the E(T) may reflect processes 
like closing up structure irregularities that serve as paths for the radon migration, 
closing pores and/or a decrease in the surface area of the interfaces [3, 5]. 

 
22.1.3. Measurement of radon release from solids  

During the ETA measurements, a constant flow of the carrier gas (air, nitrogen, or 
another gas) has been used to take the radionuclide of radon of 220Rn  released by the 
sample into the detector of  α-activity of radon ( semiconductor detectors) [6].Figure 
1 depicts a scheme  of the apparatus for radon measurement used in the emanation 
thermal analysis.  
 In the study of the self- irradiated amorphous materials the ETA measurements 
were carried out by using modified NETZSCH DTA-ETA equipment, Type 404. 
Details of the measurements and the data treatments are described elsewhere [2,3,6]. 
During the ETA measurements the samples were heated at the rate of 6 K.min-1 in air 
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(zircon sample) and argon (brannerite sample). The specific activity of the labelled 
samples was 105 Bq.g-1.The used amounts of the samples were 0.02 and 0.1 g 
respectively. 

 
Fig. 1 Scheme of the apparatus for emanation thermal analysis: 1—gas supply; 2—gas flow 
stabilizer; 3—labeled sample; 4—sample holder; 5—furnace; 6—temperature controller; 7—
measuring chamber; 8—radioactivity detector; 9—flow- rate meter; 10—counts-meters; 11—
data processor and printer (plotter). Below the photo of the updated Netzsch DTA-ETA 404 
(digitalized equipment commercially produced by Netzsch Gerätebau GmbH, Selb, 
Germany). 
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22. 2. The ETA application in the diffusion structural diagnostics of 

materials 
 

 Equipment for the emanation thermal analysis (ETA) was developed in the 
1960s at the Nuclear Research Institute, Řež. (Czech Republic) [1,2]. Since that time 
the ETA method was used in various investigations, e.g. the re-crystallization of 
solids, annealing of structure defects and changes in the defect state of both crystalline 
and amorphous solids, sintering, phase changes, the characterization of surface and 
morphology changes accompanying chemical reactions in solids and on their surfaces, 
including the thermal degradation, solid–gas, solid–liquid, and solid–solid interactions 
[7-11]. The ETA made it possible to reveal even fine changes in poorly crystalline or 
amorphous solids. Differences in the morphology and behavior of samples prepared 
by the sol–gel technique under different conditions were revealed by the ETA.  
 Changes in defects annealing and pore sintering of the samples were 
characterized by using the ETA results under in situ conditions of their heat 
treatments. The determination of optimized conditions for the preparation and thermal 
treatments of advanced ceramic materials was achieved [10,11]. By this way the ETA 
results contributed to the solution of practical tasks in the materials technology. 
 Recently, this method made it possible to characterize the thermal stability of 
ceramic materials designed for the immobilization/encapsulation of high level 
radioactive waste [12]. Moreover, the thermal stability of self- irradiated amorphous 
minerals that serve as natural analogues of the ceramic matrices was evaluated by 
using the emanation thermal analysis. 
 

22.2.1. Thermal behavior of amorphous zircon mineral 
 Natural zircon mineral (general formula ZrSiO4), containing an average 
concentration up to 0.4 % of uranium and 0.2 % of thorium, has attracted much 
interest from both fundamental and technological view points. The α-particles and 
heavy recoil nuclei released during the decay of radioactive impurities (typically 238U, 
235U and 232Th) interact with the surrounding crystalline matrix displacing atoms from 
their equilibrium positions [13]. Over geological periods of time this process disrupts 
the crystalline order to such a point that specimens covering all the stages from fully 
crystalline to amorphous can be found, depending on the uranium/thorium content. 
 Understanding the radiation effects in crystalline zircon and the determination 
of the structure of the aperiodic state are essential to ensure the reliability of zircon 
based ceramics for nuclear waste disposition [13,14]. During nuclear disintegration, 
the emission of the α-particle is accompanied by a recoil nucleus. Amorphization 
taking place in natural zircon is called metamictization. The α-particles have an 
energy of 4-6 MeV, and almost all the energy is dissipated by the ionization 
processes. It is believed that various isolated defects, such as Frenkel pairs, are 
formed along their paths. A number of studies have been devoted to structural 
changes of zircon under irradiation, in particular to understanding the amorphization 
and/or metamictization process [15]. This process can lead to an increased solubility 
and fracturing [16]. 
 Ceramic forms used in the encapsulation of nuclear waste are subjected to a 
similar transformation, with the corresponding variation of their physical and 
chemical properties. An understanding of radiation effects in crystalline zircon and a 
determination of the structure of the aperiodic state are essential to ensure the 
reliability of zircon and related ceramics for nuclear waste disposition [13, 14]. 
 Zircon ceramics can incorporate significant amount of UO2, PuO2 or ThO2 in a 
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solid solution with ZrO2. The zircon undergoes an amorphization promoted by α-
decay events of radiogenic elements. During the nuclear disintegration, the emission 
of an α-particle is accompanied by a recoil nucleus and ballistic collisions of the recoil 
nucleus cause displacement cascades. A number of studies have been devoted to the 
evolution of amorphous zircon under irradiation, in particular to understanding of the 
metamictization process [15]. 
  Natural zircon mineral sample characterized by ETA was from the locality in 
New Mexico, USA. The sample was X-ray amorphous [16]. 
 Figure 2 below shows ETA results of the zircon mineral sample measured on 
heating (curve 1a) in air flow in the temperature range 20 – 1100 °C and subsequent 
cooling (curve 1b). The increase of  the emanation rate, E, observed in the 
temperature range of 170 – 250 °C characterized the diffusion mobility of radon 
atoms along surface cracks and other subsurface defects, the subsequent decrease of  
the E  values in the range 250 – 420 °C can be ascribed to healing the surface and 
subsurface defects. 
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Fig. 2 ETA results (points) of natural self irradiated zircon mineral sample measured on 

heating (curve 1a) and subsequent cooling (curve 1b) in air in the range 20-1100 °C. 
DSC results measured on the sample heating are depicted as the full line curve 

 
 We supposed that the increase of the emanation rate, E, in the range 420 – 750 
°C is due to the radon diffusion along structure irregularities in the amorphous zircon. 
The phase transformation of initially amorphous zircon was characterized by the 
decrease of the emanation rate values E in the range 750 – 950 C. From ETA results 
of the amorphous zircon mineral sample measured on heating to 1200 °C and 
subsequent cooling to room temperature it followed that the microstructure changes 
taking place in the sample on heating were irreversible. 
 The results of DSC measured on a parallel sample of amorphous/metamict 
zircon are demonstrated in Figure 2 as the full line curve. The transformation of 
amorphous zircon to the crystalline zircon was characterized by a DSC exothermal 
effect with the maximum at 918 °C.  
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22.2.2. Thermal behavior of amorphous brannerite mineral 
 Brannerite mineral (general formula U1-xTi2+xO6) has been found in nature as 
amorphous due to α-decay damage caused by high content of U, Th. The formula of 
natural brannerite can also be written (U, Th)1-xTi2+xO6. The natural brannerite 
generally contains impurity elements like Pb, Ca, Th, Y and rare earth elements 
(REE) on the U-site and Si, Al and Fe on the Ti-site. The brannerite is a minor phase 
in titanate-based ceramics designed for the geological immobilization of surplus Pu 
[17,18]. Therefore, it was of interest to investigate the thermal behaviour of brannerite 
mineral as a natural analogue of the brannerite ceramics to be used for immobilization 
of hazardous radioactive elements.  
 The diffusion structural diagnostics based on the results of emanation thermal 
analysis (ETA) made it possible to characterize the annealing of the structure 
irregularities in the brannerite mineral sample on heating to various temperatures up 
to 1200oC. Natural brannerite mineral was from the locality El Cabril mine near 
Cordoba, Spain. The sample was X-ray amorphous and contained Ca, Pb and other 
impurity elements [17]. 
 Figure 3 shows the ETA results of the mineral brannerite sample measured 
during heating in argon in the range 20 – 1200 °C and subsequent cooling. The 
increase of emanation rate, E, observed on the sample heating in the range of 40 – 300 
°C characterized the diffusion mobility of radon atoms along surface cracks and other 
subsurface defects to depth of 60 nm. 
 The slight decrease of E(T) observed in the temperature range of 400 – 500 °C 
(curve 1a, Figure 3) was ascribed to healing surface cracks and voids. The decrease of 
the emanation rate E(T) observed on the ETA curve in the range 800 – 880 °C, 
corresponding to the healing microstructure irregularities, was considered as a first 
step of the formation of crystalline brannerite. The increase of E(T) observed in range 
900 – 965 °C followed by the sharp decrease of E(T) in the range 970 – 1020 °C 
indicated the formation of the crystalline brannerite phase, as confirmed by XRD 
spectroscopy [16]. From ETA results of the brannerite mineral sample measured on 
heating up to 1200 °C and subsequent cooling it followed that the microstructure 
changes on sample heating are irreversible. 

 
Fig. 3. ETA results of self-irradiated amorphous brannerite mineral sample measured on 

heating (curve 1a) and subsequent cooling (1b) in argon in the range 2 –1200 °C. 
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 The release of CO2 was detected by mass spectrometry of evolved gases in the 
temperature range 700-800oC [16] due to the thermal degradation of minor carbonate 
containing components of the sample. The release of CO2 gave rise to the sample 
porosity [16].  
 Microstructure differences of the self-irradiated brannerite mineral samples 
before and after heating to 1200oC are characterized by the SEM micrographs (Figure 
4).The crystallization of initially amorphous brannerite was characterized by the ETA 
as changes of radon the diffusion rate in the range 900-1020 °C (Figure 3), in 
agreement with X-ray diffraction results [17-19]. 
 

 
                                        a                                                                     b 
Fig. 4 SEM micrographs of amorphous brannerite mineral sample: (a) as received (b) heated 
to 1200 °C 
 
It was of interest to investigate the self-irradiated brannerite mineral during “step by 
step” heating and subsequent cooling of the sample to the temperatures of 300, 550, 
750, 880, 1020 and 1150 °C, respectively. Results of ETA measured by the ”step by 
step” heating runs (Figure 5) made it possible to compare the annealing of 
microstructure irregularities of the sample in the selected temperature intervals . 
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Fig. 5 ETA results of the self-irradiated amorphous brannerite mineral sample measured on 
heating and subsequent cooling in argon in the range 20-1150 °C: curve 1a corresponds to 
the “as received” sample measured during heating from 20 to 1150 °C, curves 2a/2b, 
3a/3b, 4a/4b, 5a/5b, 6a/6b and 7a/7b were measured with a parallel samples pre-heated to 
the temperatures of 300, 550, 750, 880 and 1020 °C, respectively. 
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 As it follows from the ETA results in Figure 5, the “step by step” heating of 
the sample to these temperatures caused a decrease of the amount of structure 
irregularities serving as radon diffusion paths. 
 A good reproducibility of the ETA results measured on heating from 20 to 300 
°C is obvious from the comparison of the results in Figure 5, curve 2a and curve 1a. 
The ETA curves 3a/3b, 4a/4b and 5a/5b characterized the thermal behaviour of 
brannerite sample pre-heated to 300 and 750 °C, respectively. The increase of the 
emanation rate, E, in the temperature range of 20 – 360 °C, due to the diffusion of 
radon along micropores in the sample, was followed by the decrease of E, 
characterizing the partial healing of voids and structure irregularities that served as 
diffusion pathways for radon. 
 The ETA curves 6a/6b in Figure 5 characterized the thermal behaviour of the 
sample pre-heated to 880 °C. As already observed by curve 1a the amount of structure 
irregularities serving as radon diffusion paths further diminished in the sample pre-
heated to 880 °C. The decrease of the emanation rate on sample observed on heating 
in the range of 970 – 1020 °C indicated the next step of the formation of crystalline 
brannerite. A good reproducibility of the ETA measurements can be seen from the 
temperature coincidence of the effects on the curve 1a and curve 6a in Figure 5. 
 From curves 7a/7b  characterizing the thermal behaviour of the sample pre-
heated to 1020 °C, it is obvious that after the pre-heating the sample to this 
temperature an irreversible crystallization of amorphous self-irradiated  brannerite 
mineral took place. 
 From Figure 5 it is obvious the amount of structure irregularities serving as 
radon diffusion paths further diminished and the radon permeability in the pre-heated 
brannerite samples decreased with the temperature used for pre-heating of the 
samples. 
 Values of the emanation rate, ERT, measured at room temperature before and 
after each heating run were used for the assessment of the relative changes of the 
surface area affected by the heat treatments used. The ERT values summarized in Table 
1 are in agreement with our considerations of the annealing of surface area and 
subsurface irregularities. 
 
Table 1 Microstructure defects characteristics of self-irradiated amorphous brannerite 
mineral sample pre-heated to various temperatures  
 

ETA curves 
measured on 

heating/cooling 

Temperature of 
sample pre-heating 

 

Defect amount 
characteristics

 ξ* 

ERT 
[rel. units] 

Δξ** 
[%] 

Curves 1a/1b ,Fig.2 as received 38.1 0.026 100 
Curves 2a/2b, Fig.4 as received 0.41 0.023 1.08 
Curves 3a/3b, Fig.4 300 °C 3.82 0.017 10.02 
Curves 4a/4b, Fig.4 550 °C 10.26 0.015 26.93 
Curves 5a/5b, Fig.4 750 °C 13.62 0.014 35.75 
Curves 6a/6b, Fig.4 880 °C 6.30 0.005 16.54 
Curves 7a/7b ,Fig.4 1020 °C 0.98 0.001 2.57 

 

* ∫∫ −=
minmin

)()()( max
T

cooling
T

heating dTTEdTTETξ
maxmax TT

  
** 100

1

×=
ξ
ξ

Δξ n       [%] 
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 From the temperature dependences of the emanation rate, E(T), measured 
during heating to selected temperatures and subsequent cooling, the decrease in the 
amount of radon diffusion paths was assessed. To this aim we used the parameter ξ 
defined in Eq. 6 as: 
 

∫ ∫−=
max

min

max

min

)()()( max

T

T

T

T
coolingheating dTTEdTTETξ                               (6) 

 
Moreover, values of Δξ (see Eq. 7) were calculated with the aim to compare the 
amounts of the annealed microstructure defects during the “step by step” heating of 
the sample. The difference of integrals used for the assessment of the amount of the 
microstructure defects can be expressed as Δξ defined as 
 

[ ]%100
1

×=Δ
ξ
ξ

ξ n                                                        (7) 

 
 As it followed from values of ξ and Δξ summarized in Table 1, the most 
significant decrease of the structure irregularities serving as diffusion paths for radon 
diffusion was annealed prior to the crystallization of the sample in the range of 970 – 
1020 °C. 
 Fig. 6 depicts a comparison of the relative amount of structure irregularities, 
expressed by parameter ξ, that were annealed during heat treatments to the selected 
temperatures.  
 It was shown that the emanation thermal analysis revealed differences in the 
amount of structure irregularities that served as radon diffusion paths in the 
amorphous brannerite samples. Additional information about thermal behaviour of 
self-irradiated amorphous minerals was obtained by using the diffusion structural 
diagnostics. 

 
Fig. 6. Relative amounts of structure irregularities in the self-irradiated amorphous 

brannerite sample healed in the heating runs to temperatures 20 - 300, 20 - 550, 20 - 
750, 20 - 880, 20 - 1020 and 20 - 1150 °C. Parameter ξ was used to characterize the 
amount of structure irregularities of the following samples: preheated to 300, 550, 
750, 880 and 1020 °C respectively. 
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Erosion sculpture, Tasmania, Australia

Chapter 23 

Basaltic glassy filaments 
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23.  BASALT FILAMENTS – PROPERTIES AND APPLICATIONS  
 

Jiří Militký, Vladimír Kovačič, Dana Křemenáková 
 
23.  1. Introduction 
 

Basalt materials are attractive for creation of composites with polymeric and inorganic 
matrices. The main advantages are low price of raw materials, cheap production of filaments 
and possibilities of creation of textile structures (weaves, knitted forms etc.).  
Basalt products can be used from very low temperatures (about -200o C) up to the 
comparative high temperatures 700 – 800oC. At higher temperatures the structural changes 
occur. It is possible to use some dopes for increasing or enhancing of Basalt properties as 
well. 

The main problems of basalt fibers preparation are due to gradual crystallization of 
some structural parts (plagioclase, magnetite, pyroxene) and due to non-homogeneity of melt. 
Utilization of the technology of continuous spinning overcomes the problems with 
unevenness and resulted filament yarns are applicable in the textile branch.  
It is possible to use these yarns for production of planar or 3D textile structures for 
composites, special knitted fabrics and also as the sewing threads. Especially an application of 
basalt yarns as the sewing threads is very attractive. It is possible to use these threads for 
joining of filtering bags for hot media, filtering bags for very aggressive chemical 
environment, etc. 
In this contribution selected properties of basalt filaments are presented. As starting material 
the laboratory prepared filaments are used. Mechanical properties are investigated at room 
temperature and after tempering to the 50, 100, 200, 300, 400, 500oC, in some experiments up 
to 800 oC. The analysis of fibrous fragment evolved during abrasion of basalt weave is 
presented.  

The degradation kinetics of Basalt filaments in hydrochloride acid HCl and sodium 
NaOH or calcium Ca(OH)2 hydroxides is investigated. The process of degradation is 
characterized qualitatively by scanning electron microscopy. 
 
23. 2.  Basalt fibres 
 
  Basalt is generic name for solidified lava which poured out the volcanoes [1, 2, 5]. 
This name is often applied to the solid rock, lava and magma, which, on the eruption become 
lava. Basaltic rocks are melted approximately in the range 1400 – 1600 °C. Glass like nearly 
amorphous solid is result of quickly quenched melt. Slow cooling leads to more or less 
complete crystallization, to an assembly of minerals.  
Two essential minerals plagiocene and pyroxene make up perhaps 80% of many types of 
basalt. Classification of basaltoid rocks based on the contents of main basic minerals is 
described in the book [5].  
 From the point of view of chemical composition the silicon oxide dominates, Al2 O3 is 
next in abundance and CaO, MgO and FeO are closely similar. Other oxides are almost 
always below 5% level. The chemical composition of typical glasses and Basalt fiber forming 
rocks is presented in the Table I. 

The color of basalt is from brown to the dully green in dependence on the ferrous 
oxides content. Basalts are more stable in strong alkalis that glass. Stability in strong acids is 
lower [2]. Basalt products can be used from very low temperatures (about -200o C) up to the 
comparative high temperatures 700 - 800o C [3]. At higher temperatures the structural 
changes occur. According to the content of SiO2 is basalt classified into three groups:  
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1. Alkaline basalt with the contents of SiO2 below 42%;  
2. slightly acidic basalt with the contents of SiO2 from 43 to 46%, 
3. acid basalt with the content of SiO2 over 46%.  

 
Table I. Chemical composition of glasses and Basalt fiber forming rocks [16] 

 E-glass S-glass C-glass Basalt Vestany Basalt standard 

SiO2 53 – 56 65 64 – 68 51,56 13,5 – 47 
Al2O3 12 – 16 25 3 – 5 18,24 11 – 18 
CaO 16 – 25 0 11 – 15 5,15 10 – 15 
MgO 0 – 5 10 2 – 4 1,3 8 – 11 
B2O3 5 – 10 0 4 – 6 0 0 
Na2O 0,8 0,3 7 – 10 6,36 2 – 3,5 
K2O 0,8 0,3 7 – 10 4,5 1 – 2 
TiO2    1,23 2 – 3,5 
Fe2O3    1,02 4 – 7 
FeO    2,14 5 – 8 
MnO    0,28 0,2 – 0,3 
H2O    0,46 0 
P2O5    0,26 0 

 
In order to produce fibers the acid basalt are used. Basalt rocks suitable for the preparation of 
fibers must meet the following requirements: 

(i) SiO2 content around 46% and constant chemical composition;  
(ii) (ii) the ability to melt without solid residues;  
(iii) (iii) the optimal viscosity of the melted basalt;  
(iv) (iv) the ability of the cooling without significant crystallization. 

The basic criterion for the selection of technology suitable for the manufacture of basalt fiber 
is the acidity coefficient Mk defined by  Mk = ( SiO2 + Al2O3 ) / (CaO + MgO ),  where 
Mk value must be within the range from 1.1 to 3.0. The ideal technological conditions for 
production of fibers are at Mk = 1.65 [8]. Complex criteria that take into account the impact of 
various oxides on the melt viscosity were published in the work [8]. Basaltic rocks suitability 
for the manufacture of fiber is connected not only with chemical and mineralogical 
composition, but also with the texture of rocks [9]. 

Raw material for the manufacture of basalt fiber is natural basalt, which crushes on the 
grit of 8 - 10 cm for traditional furnace and 0.6 - 0.8 cm for the microwave oven. Quality of 
basalt fiber affects the level of technological equipment and technology of whole production 
process. Basalt fibers can be made in the traditional oven in the form of short fibers 
(centrifugal method or blowing). Basalt multifilaments are produced either in the oven with 
electrical resistance heating, followed by small diameter die drawing or heating using 
microwave technology. The microwave oven plays an important role in keeping the heat from 
the center to the surface and the quality of lining furnaces. There is no way to escape the heat 
and speed up the process of melting. In the microwave oven, the rock melts continuously and 
is thus more homogeneous. After 5 minutes in the classic oven it is visible that grit obeys 
slow changes only, while in microwave oven after 5 minutes the grit is nearly molten (see Fig. 
1).  

The main advantages of a microwave oven are short time preheating and cheap 
material needed for the manufacture of the oven. Basalt fibers are produced by melt spinning 
in the range 1500-1700 oC. Fibers can be drawn at temperatures around 1300oC. The diameter 
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of standard fibers is°.around 9-12 μm. From the cross-section of broken fibers (see Fig. 4b) it 
is evident brittle fracture caused by heterogeneity in structure. 

 

            
   a       b 
Fig. 1 Basalt melts after 5 min at 1300oC in a) classical oven, b) microwave oven [17] 
 
The typical basic physical and chemical properties of basalt and glass fibers are presented in 
Table II. According to our previous finding it was proved that the stability of basalt in alkalis 
is generally very good. The stability in acids is comparatively small. Prolonged acids action 
leads to the full disintegration of fibers. 
 

Table II. Chemical and physical properties of glass and Basalt fibers [18] 
PROPERTIES BASALT GLASS 

DENSITY (AT 20°C) [kg/m3] 2800 2600 
MOISTURE REGAIN [%] 0,5 1 

MELTING TEMPERATURE [°C]  1450 1550 
SOFTENNING TEMPERATURE [°C] 960 840 

WORKING TEMPERATURE [°C] -200 till +800 -60 till +460 
THERMAL CONDUCTIVITY [W.m-1.K-1] 0,027 till 0,035 0,034 till 0,04 

ELECTRICAL SURFACE RESISTANCE [Ω.m] 2.3 1010 ∼1011 

SURFACE ENERGY γc [mN/m] 34,94 – 48,40 - 
SOUND ABSORPTION COEFFICIENT [-] 0,9 – 0,99 0,8 – 0,92 

INITIAL MODULUS - TENSILE [GPa] 89 77 
TENSILE STRENGTH [MPa] 1 850 - 4250 1 850 - 3450 

COMPRESSIVE STRENGTH [MPa]  300 250 
BREAK ELONGATION [%] 3,15 4,70 

CHANGE OF TENSILE STRENGTH [%] 

IN COLD WATER AFTER 3 hours 99,8 99,3 

IN COLD WATER AFTER 64 days 91 72 
IN 2N HCL AFTER 3 hours 81,8 53,9 

 
23. 3.  Materials 
 

Basalt rocks from KAMENNIY VEK – Russia and from Czech source (Vrestany) 
were used as a raw materials in this work. The marbles and filament roving were prepared 
under laboratory conditions. From marbles the thick rods were prepared by grinding. The 
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roving contained 952 single filaments are used. Mean fineness of roving was 320 tex. The 
basic physical properties of basalt fibers are presented in Tab. III.  

 
Table III. Basic physical properties of glass and basalt fibers 

Property E-glass basalt 

Diameter [μm] 9 - 13  12.96  

Density [kgm-3] 2540 2733 

Softening 
temperature [°C] 

840 960 

 
23. 4.  Statistical Analysis of Fibres Strength 
 
  The fracture of fibers can be generally described by the micro mechanical models or 
on the base of pure probabilistic ideas [8]. The probabilistic approach is based on these 
assumptions: 
(i) fiber breaks at specific place with critical defect (catastrophic flaw), 
(ii) defects are distributed randomly along the length of fiber (model of Poisson marked 
process), 
(iii)  fracture probabilities at individual places are mutually independent. 
 The cumulative probability of fracture F(V, σ) depends on the tensile stress level σ and fiber 
volume V. The simple derivation of the stress at break distribution described for example by 
Kittl and Diaz [9] leads to the general form 
 

  ))(exp(1),( σσ RVF −−=             (1) 
 
The R(σ) is known as the specific risk function. For Weibull distribution has function R(σ) 
the form [14] 
 

  ( )[ ]CBAR /))( −= σσ               (2) 
 
Here A is lower strength limit, B is scale parameter and C is shape parameter. For brittle 
materials is often assumed A=0. 
Weibull models are physically no correct due to unsatisfactory upper limit of strength. 
Kies proposed more realistic risk function in the form 

C

A
AR ⎟
⎠
⎞

⎜
⎝
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−
−

=
σ

σσ
1

)(           (3) 

 
Here A1 is upper strength limit. For brittle materials can be also assumed A=0. Further 
generalization of R(σ) have been published by Phani  
 

C

D

B
A

B
A

R
⎟
⎠
⎞

⎜
⎝
⎛ −

⎟
⎠
⎞

⎜
⎝
⎛ −

=
σ

σ

σ
1

1)(         (4). 

 

501



It can be proved that the B and B1 cannot be independently estimated. Therefore the 
constraint B1=1 is used in sequel. Simplified version of eqn. (4) has A=0. For well known 
Gumbell distribution is R(σ) described as 
 

B
A

eR
−

=
σ

σ )(           (5) 
 
Main aim of the statistical analysis is specification of R(σ) and parameter estimation based on 
the experimental strengths σi, i=1,2.....N. Based on the preliminary computation it has been 
determined that for basalt fibers strength the Weibull distribution is suitable.  
The individual basalt fibers removed from roving were tested. The fibers were mounted into 
paper frame before testing (see. Fig. 2).  

 
Fig. 2 Mounting frame for individual fiber testing 

 
The loads at break were measured under standard conditions at sample length 10 mm. Load 
data were transformed to the stresses at break σi [GPa]. The sample of 65 stresses at break 
values was used for evaluation of the R(σ) functions and estimate of their parameters. 
Rearrangement of eqn. (3) leads to the form 

 
( )[ ]σσ Ry ln)( =          (6) 

 
where ( )( )[ ]σσ Fy −−= 1lnln)( . F(σ) is distribution function. 
For further simplification the so called strength rank statistics σ(i) can be used. Denote that 

)1()( +≤ ii σσ , i=1,2,...N-1 [10]. Values σ(i) are rough estimates of strength quantile function for 
probabilities 

( )
25.0
5.0

+
−

==
N
iFp ii σ        (7) 

 
The parameter estimates of R(σ) models can be then obtained by nonlinear least squares i.e. 
by minimizing of criterion 
 

( ) ( )
2

( ) ( )
1

ln
N

i
i

S y Rσ σ
=

⎡= −⎣∑ i ⎤⎦        (8) 

 
Due to the roughness of σ(i) and their no constant variances the special weights can be defined 
[7]. Transformation of parameter estimation problems in R(σ) models to the regression 
problem enables to  use the statistical criteria for selection of the optimal model form. 
Suitable is Akaike information criterion AIC defined as [11] 
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Here M is number of estimated parameters and S* is minimal value of S (see eqn. (8)). 
Another possibility is estimation of strength probability density function f(σ)=F'(σ) 
parameters by the maximum likelihood method. 

ibull distribution suitability is based on Simple graphical method for checking of We
alled Q-Q plot as comparison of experimental strength quantiles the so σ(i) and Weibull 

model antiles. Af
c

qu ter rearrangements the linear dependence,  y a x b= + , in Q-Q p
meter Weibull distribution it is:+ 

lot occurs. 
For two para

x = ln ( (i)),   a =  C  and b  = - ln(B)*C . 

This Q-Q graph is show ters of regression line is shape parameter 
B = 3.7 6 and scal

For three pa

essary to know estimator of lower strength limit A. One simple possibility 
 to use the moment estimator A=0.3391 obtained from eqn. (11).  This Q-Q graph is shown 

in the Fig 3b. From parameters of regression line is shape parameter B=3.435 and scale 
parameter C=3.12. 
 

 
y = ln[ -ln(1-pi)] ,   σ

 
n in the Fig 3a. From parame

9 e parameter C = 3.6. 
rameter Weibull distribution it is: 

 
y = ln[-ln(1-pi)] , x = ln (σp(i)  -  A), a =  C and b  = - ln(B)*C . 

 
In this case it is nec
is
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the suitable selection 

Cran [15] used this technique for estimation of the parameters in three parameter 
Weibull distribution. Shape parameter C can be

 

a)             b)  
Fig. 3 : Weibull Q-Q plot for:  a) two parameter case, b) three parameter case. 

 
 For quick and rough parameter estimates of three parameter Weibull models the 
moment based method can be used. The main idea of this method is very simple. Based on the 

 sampm le moments and corresponding theoretical moments for selected strength distribution 
the m nonlinear equations can be created. Their complexity is based on 
f moments [10]. o

 
 estimated from relation  

 

) - ( 42 mmln  - ) - (ln 
  =  

21 mm
C        (10). 

For estimation of the lower limiting strength A is valid 

(2)ln 
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and estimate of scale parameter B is in the form  

 11 ⎟
⎠
⎞

⎜
⎝
⎛ +Γ

C

  =  1 − AmB          (12) 

Γ(x) is Gamma function. In these relations mr are special, so-called Weibull sample 
moments defined as 
 

 
where 
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⎞

⎜
⎝
⎛ − +∑       (13) 

 
 For i=0 is formally x =0. This very simple technique can be used for the rough 

trength d

1 rN i−

(0)
istribution parameters. It is suitable for prediction of importance of 

eibull models [15]. For two parameter Weibull model is A=0 and C is 
estimated from relation 
  

estimation of s
parameter A in W

( )
( ) ( )21 ln - ln

2ln  
mm

C =          (14) 

 
The assumption A=0 is valid if the B and C estimates for two and three parameter Weibull 
model are reasonable close.  
 For the experimental data are moment estimators A=0.3391, B=3.4121 and C=3.3297. 
The closeness between parameters obtained from Q-Q plot and by using of moments is 
acceptable. Advantage of Q-Q plot is inspection of all points and possibility to identify 
outliers. The differences between three and two parameters Weibull distribution are for these 
data negligible. 
  The SEM of longitudinal portion of broken fiber (magnification 10 000) demonstrate 

at surface is very smooth without flaws or crath
can pos

zes (see Fig.4a). Based on these findings we 
tulate that fracture occurs due to non homogeneities in fiber volume (probably near the 

small crystallites of minerals, see Fig.4b). 
 

Fig. 4 
fiber.  

roken basalt fiber – the 
tle failure 

 

a.: The longitudinal view f tested basalt Fig. 4 b.: the view of b
typical cross-section of brit
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23. 5. Basalt fibres properties after the thermal exposition  
 
Behavior of basalt fibers after long - term thermal exposition was simu

tempering of fibers at the selected temperatures to the chosen time of exposition. Four
lated by 

 sets of 
experiments were applied 

. 
In the first set of experiments, the thermal exposition influence on the ultimate mechanical 
properties and dynamic acoustical modulus of basalt filam

o
ent roving for the temp

C was evaluated. The time of exposition was 60 m
erties were measured: 

igher led to statistically significant 
drop of strength and dynamic acoustical modulus. Probably, the changes of these properties 

ering 
in. temperature 50, 100, 200, 300, 400, 500

After the tempering the following prop
• Tensile strength [N.tex-1]. 
• Deformation to break [%]. 
• Dynamic acoustic modulus [Pa] (dynamic acoustic modulus was determined from 
sound wave spread velocity in the material). 

The changes of properties of basalt fibers after tempering were investigated by the analysis of 
variance. It was determined, that tempering on 300oC and h

are based on the changes of crystalline structure of fibers.  
 

In the second set of experiments the strength distribution of basalt filament roving was 
measured on the samples tempered in oven at temperatures TT

i ing strength measurements the 
 = 20, 50, 100, 200, 300, 400 

and 500oC in time intervals tT  = 15 and 60 m n. For rov
TIRATEST 2300 machine was used. The 50 samples of strengths Pi were collected. These 
values were recalculated to stress at break values σ i  [GPa].  
The strength distribution of tempered multifilament roving was nearly Gaussi
parame

g strength on the temperature exhibits two nearly linear 

an with 
ters: mean σp and variance s2. These parameters are estimated by the sample arithmetic 

mean and sample variance. 
The dependence of the rovin

regions. One at low temperature to the 180oC with nearly constant strength and one up to the 
340oC with very fast strength drop.  
For description of this dependence the linear spline model was used [11]. The strengths σ 1 
for temperature T o o

1=180 C and σ2 for temperature T2 =340 C were computed by the linear least 
quares. These values and the rate of strength drop Ds = (σ 1-σ 2s )/160 [GPa deg-1] are given 

in  the Table
 

Table IV. Parameters of roving strength dependence on temperature 
in] 

g-1]

 IV. 

tT [m σ1 
[GPa] 

σ2 
[GPa] 

Ds 
[GPa de

15 1.1070 0.343 0.0048 
60 1.1750 0.158 0.0064 

 
It is clear that increasing of the time of tempering leads to the acceleration of structural 

d to a small shear strain imposed by a small 
initial twist. The period P and amplitude A of successive oscillations were measured. The 
shear modulus of circular fiber having radius r is 

changes and drops of strength fastening (increasing Ds). 
 
In the third set of experiments the influence of thermal exposition on the shear modulus was 
investigated. The individual basalt filaments removed from roving were tested. The apparatus 
based on the torsion pendulum principle was used. In this apparatus a fiber of length lo hanged 
with pendulum (moment of inertia M) is subjecte
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where frequency of oscillations is in the form  

P
πω .2

=          (16) 

As a pendulum the cylindrical disc of radius R and mass m was used. Corresponding moment 
of inertia is  

2.
2
1 RmM =          (17) 

The computed shear modules for tempering temperatures TT and time of expositions tT are 
shown in the Table V. 

Table V. Shear modules of basalt fibers. 
TT [oC] tT [min] G [GPa] 

- - 21.76 
100 15 19.43 
100 60 11.34 
250 15 18.04 
250 60 12.76 

 
The shear modulus is comparatively high. The prolongation of tempering leads to high drop 
of G. 
 
In the fourth set of experiments, the thermal exposition influence on the fiber fragility was 
investigated. Fragility Fr was defined as ratio of critical loop diameter Dc and fiber diameter d  

c
r

DF
d

=  

Critical loop diameter was estimated by deformation of basalt loop under microscope to 
failure (see. Fig. 5a). Samples were tempered in oven at temperatures TT = 50, 150, 250 and 
350 oC in time interval tT  = 60 min.  

Results are shown in the Fig. 5b. In accordance with assumption of flexibility loss due 
to chemical changes (partial oxidation of FeO) are fragilities increasing function of tempering 
temperature [19]. 
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a)       b) 

 
Fig. 5 a) Evaluation of critical loop diameter, b) Fragility of tempered Basalt fibers 
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23. 6.  Thermomechanical analysis 
 

In thermo-mechanical analysis (TMA) the dimensional changes (expansion or 
contraction) are measured under defined load and chosen time. The TMA requires a high-
resolution measurement of the linear displacement and excellent stability of measured 
conditions.  Most TMA instruments on the marked are not able to be sensitive to very small 
displacement. This was the main reason for construction of special device TMA CX 03RA/T 
at University of Pardubice. This device was developed to provide highly sensitive tool for 
reproducible measurement of subtle dimensional changes even at extremely long thermal 
expositions. The sample is placed on the movable sample holder connected with displacement 
sensor which measures dimensional changes of the sample. Detail description of this TMA 
instrument is in [3].  

The instrument is fully computer controlled with programmable time - temperature 
profiles and loading in static or dynamic mode. The special adapters for application of this 
instrument for bending and tension deformations are now under preparation. Described 
apparatus were used for all kinds of measurements. The basalt rods (abbreviation R) and 
linear composite from roving glued by epoxy resin CHS 1200 (abbreviation C) were used. 
 
23.6.1.  Thermal expansion 

The dilatation curves, i.e., dependence of height of basalt rod on the temperature were 
measured at rate of heating 10 deg min-1 and compressive load 10 mN. These curves consist 
of two nearly linear portions connected at glass transition temperature Tg [3]. 

The coefficients of linear thermal expansions a for region below and above Tg were 
computed from models 

( )gg TTaLL −+= .1   for T < Tg     (18) 
).(2 gg TTaLL −+=   for T > Tg     (19) 

By the nonlinear least squares the: Tg = 596.3 oC , a1 = 4.9 10-6 deg-1, a2 = 19.1 10-6 deg-1 were 
computed. 
 
23.6.2. Isothermal compressive creep 

The responses of basalt on the compressive loads under isothermal conditions were 
investigated from creep type experiments. The load was 200 mN. For the basalt rods and 
linear composites the dependence of sample height L on the time t were measured. The 
experimental data have been described by the simple exponential type model [12] 

tktk
p eLeLLL .

2
.

1
21 −− ++=        (20) 

Parameters Lp, L1, L2, k1 and k2 were estimated by nonlinear least squares. Typical result is 
shown in the following Fig. 6 Regression curve and experimental data for creep at 250 °C 

 
 

0.0 5.0x103 1.0x104 1.5x104 2.0x104 2.5x104
12.320 

12.325 

12.330 

12.335 

12.340 

12.345 

12.350 

12.355 

——— regression curve
- - experimental data 

Regression curve y = p2exp(-p3x)+p4exp(-p5x)+p1 Sample 
height 
[mm] 

Time [s]

Parameters of regression model 

p1 1,232*101 

p2 2,492*10-2 

p3 3,131*10-2 

p4 1,011*10-2 

p5 4,288*10-4 
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The maximum dilatation  
21 LLD +=           (21) 

 
and half time of dilatation t1/2 were computed. Denote that t1/2 is time for which is the 
dilatation equal to Lp + (L1+ L2)/2. These parameters are given in the Table IV. 
 

Table VI. Parameters of compressive creep 
Linear composite (C) Basalt rod (R) 
TT [oC] D[mm] t1/2 [s] D [mm] t1/2 [s] 
30 
50 
100 
250 
300 

0.0030 
0.0289 
0.0532 
0.0350 
- 

145.1 
36.90 
29.80 
41.10 
- 

0.0145 
- 
0.0083 
-  
0.0426 

16015
- 
21.30 
-  
51.7 

 
23.6.3. Longitudinal compressive modulus 

From compressive creep data the longitudinal compressive modulus was predicted by 
the following way. Let one has the linear composite (index C) consisted from the phase of 
basalt fibres (index K) and epoxy resin matrix (index E) as is show in the Fig. 7. Let the both 
phases are deformed elastically that their Poisson ratio is the same and that the stresses cause 
no debonding of the interfaces. The volumetric ratio of basalt fibres (composite has the same 
length as individual phases) is ΦK. 

Fig. 7 a) Linear composite, b) Two phase model 

 

F  M

a)       b) 

 
From the simple rule of mixture (derivation is in [4]) it follows 

 
( ) EKKKC EEE Φ−+Φ= 1        (22) 

 
Here Ec is longitudinal creep modulus of linear composite EE is longitudinal creep modulus of 
epoxy resin and EK is longitudinal creep modulus of basalt fibers. For known ΦK and EC, EE 
the longitudinal compressive modulus of basalt fibers is equal to  

 
( )

K

EKC
K

EEE
Φ

Φ−−
=

1        (23) 

For our case the ΦK was estimated by the image analysis and value ΦK = 0.9 was obtained. 
The modulus EC at individual temperatures was computed as the ratio  

 

)30(CC
C A

FE
ε

=         (24) 
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where F=200 mN is applied load, AC= 20.725 mm2 is cross sectional area of tested composite 
sample and εC(30)  is deformation under compressive creep in time t = 30 s. Values εC(30) were 
computed from dimensional changes after 30 sec. of compressive creep for linear composite 
at individual temperatures. By the same way the modulus EE was estimated from the 
compressive creep curve of pure epoxy resin. In this case F=200 mN, AE=20.725 mm2 and 
εE(30) were computed from dimensional changes after 30sec. of compressive creep for epoxy 
resin at individual temperatures.  
Computed values of EE, EC and EK are summarized in the Table VII. 
 

Table VII. Longitudinal compressive modulus of linear composite, epoxy resin and basalt 
fibers 

T  [oC] EK (Basalt) [GPa] EC  (Composite) [GPa] EE  (Resin) [GPa] 
25 112.27 105.41 40.5129 
50 95.256 87.49 17.5076 
100 114.084 108.575 58.9869 
200 99.76 90.95 11.6239 

 
It is evident that in the investigated temperature range is modulus of Basalt fibers no 
systematically dependent on temperature. 
 
23.6.4.  Non-isothermal compressive creep 

The responses of basalt on the compressive loads under no isothermal conditions were 
investigated from creep type experiments similar as for isothermal conditions. The load was 
200 mN. For the basalt rod the dependence of sample height L on the temperature T increased 
linearly with time t were measured. Starting temperature was To = 30 oC and rate of heating 
was 10 oC/min. For avoiding the initial sample height Lo the dilatation di = Lo – L has been 
recorded. The experimental points and Reinsch smoothing spline curve (parameter s = 1) are 
shown in the Fig. 8a. 

From isothermal experiments is deduced that the rate of creep only is markedly 
temperature dependent. The rate of height changes can be therefore expressed by differential 
equation 

d  = (K,  ,  , t)
dt
L f L L∞       (25) 

where K is the rate constant and  is sample height in equilibrium. Function f(.) is creep rate 
model. By analogy with classical reaction kinetics the creep rate can be expressed in the form 

L∞

d  =  K  ( )
dt

nL L L∞− −       (26) 

where n is constant (order of reaction). For n = 1 the simple exponential model of creep (rate 
process of first order) results. For description the temperature dependence of the creep rate 
constant K the Arrhenius type model 

E = expoK K
RT

⎛ ⎞−⎜ ⎟
⎝ ⎠

      (27) 

is usually applied. In eqn. (27) is K0 pre-exponential term (corresponding to the activation 
entropy of creep), E [kJ mol-1] is the activation energy of creep and R is the gas constant. In 
non-isothermal conditions it is assumed that temperature dependent is rate constant only 
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 = ( ) ( , )t
t

dL K T f L L
dt ∞        (28) 

By the formal integration of the eqn. (28) for exponential type model (n = 1 in eqn. (26) the 
following relation results  

 = ( )*exp(  ( ))oL L L L F t∞ ∞+ − −     (29) 

 
Here  is initial sample height. For the case of linear heating during creep is valid ∞L

( ) = ( ) - ( )   oF t G t G T      (30) 
Symbol To denotes initial temperature and G(x) is the integral 

x
0

0

(x) =  exp(- /( )) dxKG E
Θ ∫ Rx      (31) 

where Θ is rate of heating. The integration of eqn. (31) cannot be realized analytically and 
therefore the various approximate equations can be used. Simple and precise approximation of 
temperature term has the form [20] 

 exp exp
2

RT1- 2( )E ERT E(- )dT (- )RTRT E R1- 5( )
E

⎡ ⎤
⎢ ⎥

≈ ⎢ ⎥
⎢ ⎥
⎣ ⎦

∫ T
   (32) 

The relative error of eqn (32) is for E/RT > 7 under 1%. The model expressed in the form (29) 
can be now used in analytical form. Three parameters Ko, E and  should be estimated from 
experimental data. The nonlinear regression has to be used [11].  

∞L

 

   

a) b) 
 

Fig. 8 a) No isothermal creep curve (expressed as dilatation y [ppm] time x [min] dependence), b) 
Creep rate curve as derivative 

 
Simpler alternative is to use rate equation for first order model combined with Arrhenius 
dependence in the linearized form 
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)t*To(R
E)Kln()LLln()

dt
dLln( o Θ+

−=−− ∞    (33) 

 

Application of eqn. (33) requires knowledge of and computation of creep rate ∞L
dt
dL  from 

experimental data. For this purpose the cubic spline smoothing procedure can simply applied 
[21]. The resulted rate of creep curve for Reinsch smoothing procedure (s=1) is shown on the 
Fig 8b. The can be approximately selected from the last few points by linear least squares 
assuming exponential behavior of dilatation curve at steady state .For this case  = 25.5 
[ppm] in term of dilatation has been evaluated. 

∞L

∞L

The dependence of )LLln()
dt
dLln( −− ∞  on 1/T (in absolute temperature scale) is 

shown in the Fig. 9.  
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Fig. 9 Estimation of compressive creep activation parameters 

The solid line represents linear least squares fit. From parameters of this fit the pre 
exponential factor Ko = 0.04772 and activation energy of creep E = 2.203 kJ/mol were 
computed. The fit in Fig. 12 is sufficient for parameter estimation. More precisely it will be 
necessary to use general order of rate process and investigate n as well (see eqn. (26)). 
Thermally stimulated creep is successfully used in the area of polymers. [22]., The 
compressive creep of non-polymeric solids is due to rearrangements of molecular clusters and 
structural reordering The rate models is then quite sufficient.  
 
23. 7.  Degradation in liquids 
 
  The degradation were realized at room temperature in 10 % solution of HCl, NaOH 
and Ca(OH)2. Samples were firstly treated one day in acetone for removing of sizing agent.  
After selected times were samples removed rinsed three times in hot water, dried and 
weighted. The rest weight after degradation was computed from relation 
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100⋅=
P

K
Z M

MR  [%]        (34) 

 
where MK [g] is weight after degradation and MP [g] is sample weight after acetone cleaning. 
For comparison of degradation in various times is better to use relative rate of degradation 
defined by relation  
  

   
P

Z

PP

KP
P t

R
Mt

MMK −
=

⋅
−

=
100  [%.hour-1]     (35) 

 
where tP is degradation time [hours]. Higher relative degradation rate corresponds to more 
severe action oh degradation agents. The values RZ and Kp for HCl are in the table VIII and 
for alkalis in the table IX. 
 
 
 

Table VIII. Rest weights and relative degradation rates for acid 

t [hour] RZ [%] 
10% HCl 

KP [%.hour-1] 
10% HCl 

0 100,000 0,000 
2 94,713 2,640 
5 90,436 1,913 
10 80,936 1,906 
15 67,080 2,195 
24 66,982 1,376 

 
Table IX. Rest weights and relative degradation rates for alkalis 

t 
[hour] 

RZ [%]  
10% NaOH 

KP [%.hour-1] 
10% NaOH 

RZ [%]  
10% Ca(OH)2 

KP [%.hour-1] 
10% Ca(OH)2 

0 100,000 0,000 100,000 0,000 
2 96,889 1,556 100,000 0,000 
5 95,845 0,831 99,888 0,022 
24 94,968 0,2097 99,278 0,030 

 
23.7.1.  Degradation kinetics 

During the degradation process the chemical solution attacks the surface and 
subsurface layers. Direct investigation of fibers diameter after long-term degradation has 
shown that the predominant mechanism is opening of crazes and degradation in the volume of 
fibers. Step by step removal of surface layers was negligible. Therefore the reason of 
degradation is the reaction of chemical solution with some cations (in the case of acids) or 
anions (in the case of alkalis) from Basalt fiber body. The kinetic model is therefore based on 
the assumption of first order reaction. The instantaneous rate of degradation is dependent on 
the difference between actual weight and weight in equilibrium 
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 ( ∞−⋅−= MMK
dt

dM
t

t )       (36) 

 
Solving of this differential equation in the intervals [M0, Mt] and [0, t] the following equation 
results 
  

 ( ) ( )tKMMMM t ⋅−⋅−+= ∞∞ exp0       (37) 
 
After introducing the rest weight the final relation is obtained 
  

 ( ) ( )tKRRRZ ⋅−⋅−+= ∞∞ exp100       (38) 
 
where  [%] is equilibrium rest weight and K [hour-1] is degradation rate constant. ∞R
 
23.7.2.  Degradation in HCl 
 The parameters characterizing weight loss for degradation in 10% HCl are given in the 
table VIII. The parameters of degradation model = 54,883 [%] and K = 0,063 [hour-1] 
were obtained by using of nonlinear least squares criterion. Experimental points and model 
curve are shown in the Fig. 10a.  

∞R

 The surface of degraded fibers is shown in the Fig. 11 and Fig. 12. It is very 
interesting that degradation is due to opening and creation of long crazes in the fiber axis 
mainly. After long-term exposure the crazes in direction perpendicular to fiber axis are 
appeared.  
 Result is great loss of durability and disintegration of fibers in long degradation times. 
The degradation is accompanied by the great loss of mechanical properties especially tensile 
strength [6]. The density computed from diameter and weight of treated Basalt is for 2 hours 
of acid action 2511 kgm-3. This value is slightly lower than density 2572 kgm-3 for untreated 
Basalt fiber.  
 

Model: Rz=a1+(100-a1)*exp(-a2*t)
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Fig. 10  Kinetics of weight loss a) in 10% HCl, b) in 10% NaOH  
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     a     b 

Fig. 11 Basalt fiber after degradation in 10% HCl for 2 hours (a) and 5 hours (b)  

 

      

     a       b 

 
Fig. 12 Basalt fiber after degradation in 10% HCl for 15 hours (a) and 24 hours (b) 

 
The increasing of pH acid solution after degradation is in accordance with assumption of 
reaction of HCl with cations and destroying the glass like network. The chloride salts replace 
the intermediate oxides as MnO2, Fe2O3 and Al2O3. These salts are typically well soluble in 
water and these phenomena supported the Basalt degradation due to action of acid. 
 
23.7.3.  Degradation in alkalis 
 It is known that alkali attacks the silica network directly. The hydroxyl ion of the 
alkali breaks the Si-O-Si linkage. The presence of intermediate oxides like MnO2, Fe2O3 and 
Al2O3 should always improve the alkaline durability [6].  
Degradation in 10% alkaline solutions is relatively small. The durability in 10% Ca(OH)2 is 
excellent. Action of 10% NaOH is more severe but in comparison wit acid the weight loss is 
very low. 
 The parameters characterizing weight loss for degradation in 10% alkalis are given in 
the table IX. The degradation kinetic was modeled for the case of 10% NaOH only. The 
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parameters of degradation model = 95,009 [%] and K = 0,440 [hour-1] were obtained by 
using of nonlinear least squares criterion. Experimental points and model curve are shown on 
the fig. 10b.  

∞R

 The very high rest weight equilibrium and high rate constant in comparison wit the 
same values for acid degradation indicate that the degradation processes are mainly on surface 
of fibers. The glass like network breaking increases number of free hydroxyl group. 
The surface of degraded fibers is shown on the fig. 13. It is very interesting that the surface is 
now without crazes and the precipitation of insoluble materials on the fiber surface is visible. 
The very small weight loss indicates good stability of Basalt in strong alkalis.  
The small loss of mechanical properties especially tensile strength was found [23]. The 
volumetric density computed from diameter and weight of treated Basalt is for 2 hours of 
NaOH action equal to 2308 kgm-3. This relatively low value supports assumption about 
surface ablation in alkaline conditions. 
 

         
    a       b 

Fig. 13 Basalt fiber after degradation in 10% Ca(OH)2 for 24 hours (a) and in 10% NaO for 24 hours 
(b) 

 
23 . 8.  Analysis of emitted particles during basalt handling  
 

Some characteristics of the basalt fibers are similar to the asbestos. Since the 
mechanisms for asbestos carcinogenicity are not fully known it cannot be excluded that basalt 
fibers may also be hazardous to health. Thus there is a need for analysis of fibrous fragment 
characteristics in production and handling in order to control their emission.  
Based on the results of workshop held by April 1988 at Oak Ridge National Laboratory the 
fibrous fragments with diameter of 1.5 μm or less and length of 8 μm or greater should be 
handled and disposed of using the widely accepted procedures for asbestos. Fibers falling 
within the following three criteria are of concern [13]. 
a) The fibers are respirable. Diameters of less than 1.5 μm (some say less 3.5 μm) allow 
fibers to remain airborne and respirable. 
b) The fibers have a length/diameter ratio R greater than 3. Short stubby fibers (particles) do 
not seem to cause the serious problems associated with asbestos. 
c) The fibers are durable in the lungs. If fibers are decomposed in the lungs, they do not cause 
a problem. 
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Most of nonpolymeric fibers have diameter significantly larger than 3.5 μm but break 
into long thin pieces. Emission of particles, including fibers, occurs during handling. For 
simulation of these phenomena the abrasion of basalt weaves were made. 
The weave from basalt filaments was used. The fragmentation was realized by the abrasion on 
the propeller type abrader. Time of abrasion was 60 second. It was proved by microscopic 
analysis that basalt fibers are not split and the fragments have the cylindrical shape. Fiber 
fragments were analyzed by the image analysis, system LUCIA M. The fragments shorter 
than 1000 μm were only analyzed. Results were lengths Li of fiber fragments. For comparison 
the diameters Di of fiber fragments were measured as well. It is assumed that fibrous 
fragments lengths Li are in nature independent stochastic variables fully characterized by 
distribution function F(L) or probability density function f(L). The failure of nonpolymeric 
fibers as basalt one is frequently caused by volume nonhomogenities and therefore the 
unimodal distribution is expected. Generally, the number of modal values is an indicator of 
presence of specific kinds of defects (obviously surface defects and volume ones). 

For experimental fragment lengths analysis it is then necessary to use special 
techniques for [10]: 

a) estimation of number of modal values by nonparametric method,  
b) comparison of experimental fragment lengths distribution with theoretical ones, 
c) estimation of parameter for selected fragment lengths distribution. 

In sequel, the sample containing N experimentally measured independent fragment lengths 
(Li) i = 1.......N is assumed. 
 
23.8. 1.  Nonparametric density estimation 

Number of modes (local maxima) on the fragment length probability density function 
is important from point of view of evaluation of kinds of fragmentation mechanisms (or kinds 
of defects causing the fiber failure). 

Classical nonparametric estimators as the histogram lead often to the artifacts. It is 
well known that histogram quality is critically dependent on the number and lengths of bins 
(class intervals). For approximately symmetric distribution a suitable number of bins L is 
given by [10] 

L = int [ 2/ N]        (39) 
 
where int[x] is integer part of number x. 

For nonsymmetrical distributions the bins of variable length have to be used. 
Especially for complicated shapes of sample distribution the smooth kernel density estimator 
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∑       (40) 

 
is suitable. In this equation H is bandwidth, which controls the smoothness of f(L) and K(x) is 
kernel function, which is symmetric around zero, and also has the properties of probability 
density function.  The choice of kernel function form is not critical. The biquadratic kernel is 
usually sufficient [10] 

( )22( ) = 0.9375 1K x x−   for  -1 x ≤ ≤ 1
 ( )  0K x =

   (41) 
    elsewhere 

 
The quality of kernel estimator f(L) is controlled mainly by the selection of parameter H. If H 
is too small, the estimator is too rough; if it is too large, the shape of f(L) is flattened too 
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much. For nearly normal distributions the optimal bandwidth can be calculated from 
expression 
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For complicated density shapes the Lejenne, Dodge and Koelin procedure can be adopted 
[24]: 

(1) From eqn.(40) an initial guess of probability density function f0(L) is calculated. 
The constant bandwidth H is computed as 
 

0 2.34     sH
N

=       (43) 

where s is sample standard deviation. 
(2) The final estimator of probability density function with no constant bandwidth Hi 

is constructed. The local bandwidth Hi is calculated from relation 
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Parameter A is defined in the interval [0,1] and controls the smoothness of f(L). The 

parameter A is usually chosen to be equal to 1/3. For complex sample distribution 
(polymodal) it is useful to construct f(L) for various values A and select the one corresponding 
to pleasant visual smoothness. 

Kernel nonparametric density estimator of the distribution of fibrous fragments lengths 
is shown on Fig 14a (dotted line). The solid line represents normal distribution with mean 
value and variance computed form data. It is cleat that the number of modes Mo = 1 and 
normal distribution is quite different from data based nonparametric one. 

  
Fig. 14 a) Kernel nonparametric density estimator of the distribution of fibrous fragments lengths 

(dotted line) and normal approximation (solid line) ,  
 
23.8.2.  Comparison of optimal PDF (smooth curve) with „Rosemblatt moving  

 histogram“ (rough curve) 
The probability density function (PDF) with optimal parameters (smooth curve) is 

compared wit raw nonparametric estimate „Rosemblatt moving histogram“ (rough curve) on 
the Fig. 14b. The agreement of both shapes is very good. 
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The basalt fragment lengths distribution is then unimodal and positively skewed to the right. 
This type of distribution can be well approximated by Weibull one [3] 
 

  
C

( ) = 1 - exp -  oL LF L
A
−⎛ ⎞
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⎝ ⎠

)

      (45) 

 
The quality of fibrous fragment lengths distribution approximation by the Weibull one is 
checked by using of Q-Q plot (see. [10]). The Q-Q plot generally allows the comparison of 
the sample distribution being described by the empirical QE(pi) quantile function with the 
given theoretical one characterized by theoretical quantile function QT(pi ). 
The empirical QE(pi) function can be simply approximated by sample order statistics of 
fibrous fragments length L(i) which are ordered sample values. These order statistics are 100pi 
%-th quantiles of sample distribution for [10] 
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For given theoretical fragment lengths distribution the quantile function QT(pi ) is inverse to 
the cumulative density function. For Weibull distribution defined by eqn.(45) the quantile 
function QT(pi ) has the form 
 

( )
1

0 ( ) = ln 1 C
T i iQ p L A p+ − −⎡ ⎤⎣ ⎦       (47) 

 
When the theoretical and sample distribution are the same then 

 
          (48) ( ) ( )Q p LT i i=

 
The eqn. (48) shows that for Weibull distribution the dependence of L(i) on [-ln(1-

pi)]1/C will be straight line. For given shape parameter C it is then simple to compare sample 
distribution with the Weibull ones.  

The parameters Lo , A, C of Weibull distribution can be then estimated by minimizing 
of criterion 
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This is typical problem of nonlinear least squares and minimization can be performed by 
nonlinear regression software [10]. The parameter estimates re shown in the Table X. 
 

Table X. Parameters of fiber fragment length distribution 
Distribution Lo [μm] A [μm] C [-] 

 Weibull 8,687 246,82 1,618 
 
It is evident that the Weibull distribution is suitable for description of fibrous fragments 
length distribution.  Basic statistical characteristics fiber fragments lengths are: 

mean value  LM = 230.51 μm 
standard deviation σL = 142.46 μm 
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skewness g1 =  0.969 
kurtosis g2 = 3.97 

These parameters show that the distribution of fiber fragments is unimodal and positively 
skewed. By the direct investigation using microscope it has been found that no splitting 
occurs and fragments have the same diameter as the fibers. The distribution of fiber diameters 
is positively skewed as well. Basic statistical characteristics of fiber fragments diameters are: 

mean value DM = 11.08 μm  
standard deviation σL = 2.12 μm  
skewness g1=  0.641 
kurtosis g2= 2.92 

Because the mean value of fiber fragment diameter is the same as diameter of fibers no 
splitting of fibers during fracture occurs. It is known, that from point of view of cancer hazard 
the length/diameter ratio R is very important. For basalt fiber fragments is ratio  

R = 230.51/11.08 = 20.8. 
Despite of fact that basalt particle are too thick to be respirable the handling of basalt fibers 
must be carried out with care. 
 
23. 9.   Creation of textile structures 
 

The basalt filament yarns were prepared in the form of yarn with fineness 40x2x3. The 
yarn was used for preparation of woven and knitted fabric and as a sewing thread. Utilization 
of basalt for preparation of fabric was without problems (see. Fig. 21). 

 

           
Fig. 15 Typical products from basalt filaments 

 
Table XI. Properties of Basalt and Glass Sewing Thread 

Property Glass sewing thread Basalt/PET 
fineness [tex] 284 ± 2 283.3 ± 1.6 
yarn twist 1[m-1] 397 ± 8.1 208  ± 7.4 
yarn twist 2[m -1] 338 ± 6.1 400  ± 9.8 
yarn twist 3 [m-1] 111 ± 5.4 180  ± 5.6 
diameter. of thread [mm] 0.56 ± 0.02 0.72  ± 0.05 
strength to break [N.tex-1] 0.32 0.34 
strength to break in loop [%] 49.81 33.35 
deformation to break [%] 1.87 ± 0.16 2.3   ± 0.2 
abrasion resistance[cycles] 1214 ± 178 180  ± 49.8 
number of break at sewing test 8 0 

 

519



On the other hand during sewing tests the basalt yarns were frequently broken due to its 
brittleness. Therefore the composite basalt thread coated by PET was prepared. This 
composite thread was tested by sewing of filtering bags from glass fabrics.  The properties of 
linear basalt composite were compared with glass sewing thread. Results are given in above 
Table XI.  

 It is evident that sewing properties of Basalt/PET thread are very good in 
comparison with glass one. The conclusion is valid for industrially produced basalts fibers as 
well [12]. The shear and compressive modulus of basalt filaments is comparatively high. The 
health problems with this class of fibers are not known. Very thick fragments of basalt cannot 
be easily inhaled. According to the previous finding it was proved that the stability of Basalt 
in alkalis is generally very good. The stability in acids is comparatively small. Prolonged 
acids action leads to the full disintegration of fibers. 
 
 
Acknowlegements: This work was supported by the research project GACR 106/531/2005 and 
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24.   NUCLEAR WASTE GLASSES:  
BEAUTIFUL SIMPLICITY OF COMPLEX SYSTEMS 

Pavel R. Hrma 

24. 1.  Introduction 

High-level waste (HLW) glasses contain 40 to 60 components, of which around 15 are 
present at sufficiently high concentrations to significantly influence the glasses’ properties, 
such as viscosity, density, chemical durability, or crystallization behavior. Properties of bi-
nary or ternary glasses are typically nonlinear functions of composition. Scientists who study 
these simple glasses find themselves challenged by their behavior to the point that they are 
often unwilling to study glasses with more than three to four major components. However, the 
advantage of systems with a high number of components is that their properties are simple 
smooth functions of composition. 

The majority of nuclear wastes in the world originate from nuclear fuel cycles and nuclear 
weapons reprocessing. At least 108 sites containing radioactive waste exist in the United 
States. Perhaps the most prominent among these is the Hanford Site in the State of Washing-
ton [1], where 177 underground radioactive waste tanks contain roughly 200,000 m³ of 
radioactive liquid and sludge from plutonium production from 1944–1987. 

Hanford tank HLW will be retrieved and separated into HLW and low-activity waste 
(LAW) fractions. Both HLW and LAW will be vitrified in the Hanford Tank Waste 
Treatment and Immobilization Plant (WTP). According to current plans, the WTP can process 
roughly half of the LAW [2]. The current reference process for the other half of the LAW is 
bulk vitrification—a process in which the glass is melted in a large metallic box lined with 
refractory and remains in this box for disposal [3]. To make nuclear-waste glass, the waste 
streams from a pretreatment facility, in the form of HLW slurries or LAW solutions, will be 
mixed with glass-forming and modifying additives in the HLW or LAW vitrification facili-
ties, respectively. In both facilities, the resulting melter feeds will be charged into electrically 
heated continuous melters from which the molten glass will be poured into stainless-steel ca-
nisters. The HLW canisters will be stored onsite and then disposed of in the Yucca Mountain 
repository in Nevada. The LAW containers will be disposed of onsite in the Hanford Inte-
grated Disposal Facility (IDF). 

It is projected that about 6000 batches of HLW will be processed at WTP during its life-
cycle, each with a distinct composition [4]. To maintain consistent glass properties, a glass of 
an appropriate composition must be formulated separately for each of these wastes. 

Regarding its properties, HLW glass is subjected to various restrictions [5]. It would be in-
efficient if not impossible to develop a specific glass for each waste composition individually 
in the laboratory by trial–and-error experiments, especially considering that the projected 
HLW compositions are subjected to change as new analyses and pretreatment techniques be-
come available. In fact, the planning of the design and operation of the vitrification facility 
requires that thousands of glasses need to be formulated, optimized, and qualified for disposal 
within a short time of 1 to 2 hours [5,6]. This goal of formulating glasses within a short time 
for thousands of HLW compositions can be achieved based on composition-property func-
tions experimentally determined for the HLW composition region [7]. 

Table 1 shows the composition region of glasses formulated for roughly 6000 Hanford 
HLW compositions considered for vitrification. Interestingly, in these glasses, SiO2 is ex-
pected to vary within 20 mass%, B2O3 and Fe2O3 within 15 mass%, Al2O3 within 14 mass%, 
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2  
Na2O within 10 mass%, and all the rest within 2 to 7 mass% (the component “Others” is the 
sum of all minor components). These ranges are relatively narrow. They are narrow enough to 
allow us to approximate the effects of glass composition on its properties by linear functions. 

 
Table 1. Projected composition region of Hanford high-level waste glasses in mass fractions [5] 
 

Com-
ponent 

Mini-
mum 

Maxi-
mum Range 

Al2O3 0.060 0.200 0.140 
B2O3 0.050 0.200 0.150 
Bi2O3 0.000 0.050 0.050 
CaO 0.000 0.070 0.070 
Cr2O3 0.001 0.020 0.019 
F 0.001 0.020 0.019 
Fe2O3 0.050 0.200 0.150 
K2O 0.000 0.060 0.060 
Li2O 0.015 0.040 0.025 
MnO 0.001 0.040 0.039 
Na2O 0.100 0.200 0.100 
NiO 0.001 0.020 0.019 
P2O5 0.000 0.025 0.025 
SiO2 0.300 0.500 0.200 
ZrO2 0.001 0.050 0.049 
Others 0.014 0.019 0.006 

 
Linearization has far-reaching consequences for the glass-formulation effort. As the follow-

ing section describes, with the linear property-composition relationships, glasses can be for-
mulated quickly and easily. 

However, the behavior of glass, especially high-temperature molten glass, cannot be com-
pletely described by means of properties. Phenomena such as settling of solids, segregation of 
molten salts, or generation of foam in the melter require special attention because they can 
severely impair melter performance. Crystallization of the glass during cooling can affect the 
quantity of the glass product and its acceptability for the repository. Also, it remains unclear 
whether glass durability as defined by means of standard tests is predictive to the glass per-
formance over the hundred thousand years needed for the decay of radionuclides. The major 
processing problems are also addressed in this article. Questions associated with the long-
term durability are only briefly mentioned. 

 
24. 2.  HLW Glass Formulation 

Waste glasses are formulated to meet three types of requirements [8]. First, the glass must 
possess properties required for smooth processing that occurs in a continuous melter located 
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3 
in a hot cell and operated via remote control. The operation is expected to run without major 
problems for five or more years. To protect the Inconel electrodes, the temperature of the melt 
is maintained within a narrow range of around 1150°C at which the glass viscosity must be 
within 2 to 8 Pa�s and the electric conductivity within 1 and 70 S/m. It is not desirable for 
solids to settle and molten salts to segregate during the melting operation or melter idling be-
cause this may shorten melter life. Excessive foaming should be avoided because it will re-
duce the production-rate requirement of between 6 and 7.5 MT of glass per day (~1050 
kg/m2/d). 

Second, the glass product must satisfy quality requirements defined in terms of chemical 
durability measured by selected standard methods, such as the Product Consistency Test 
(PCT) [9] and regulatory requirements determined by response to the Toxicity Characteristic 
Leaching Procedure (TCLP) [10]. Finally the economy requires that the fraction of waste ma-
terial (the waste loading) in the glass should be as high as possible to minimize the volume of 
waste glass, and the rate of melting should be as high as possible to minimize the processing 
time. 

The processing and quality-defining properties are expressed by means of the following li-
near functions: 

 ijij xbb =  i=1,2,   ,N   (1) 
 

where bj is the transformed j-th property, bji is the i-th component coefficient for j-th trans-
formed property, xi is the i-th component mass fraction, and N is the number of the j-th prop-
erty affecting coefficients (i.e., N-1 major components plus “Others”). Here the summation 
convention is being used, i

N

i jiiji xbxb ∑ =
=

1 . 
The properties are transformed in such a way that the linear functions allow an acceptable 

fit. For example, in case of melt viscosity (η) that is an Arrhenius function of temperature (T), 
i.e., η = exp(A + B/T), where A is an composition-independent constant, the transformed 
property is the activation energy, B = (ln η - A)T; hence, B = Bixi [11]. 

The component coefficients are obtained experimentally. The composition region, such as 
that shown in Table 1, is covered by data points representing compositions of glasses that are 
fabricated and whose properties are measured. The property-composition relationships are 
then fitted to data by the linear-regression method to obtain the component coefficients. 

Waste glasses are made by adding to the waste selected glass-forming and glass-modifying 
components, such as SiO2, B2O3, Na2O, and Li2O in proportions that provide the glass the de-
sired properties while maximizing the waste loading. 

The i-th component mass balance can be written as 
 

  iii aWWwx )1( −+=  i=1,2,   ,N   (2) 
 

where W is the waste loading (the mass fraction of waste material in the glass) and wi and ai 
are the i-th component mass fractions in the waste and additive portions of the glass, respec-
tively. 

Substituting for xi from Equation (2) to Equation (1), we obtain j equations, one for each 
transformed property. The task is to determine the ai value for each additive constituent such 
that the glass properties are within the prescribed limits, and W is maximized (considering 
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4  
various uncertainties determined by the statistical analysis). As mentioned above, the linearity 
of the property-composition relationships, Equation (1), allows this task to be done quickly 
and easily for a large number of HLWs that possess a large number of components. 

Regarding the component coefficients, we can expect that these coefficients are related to 
fundamental characteristics of the glass structure. This has been empirically demonstrated for 
the liquidus temperatures of the spinel mineral that forms in HLW glasses—
[Fe,Ni,Zn,Mn][Fe,Cr]2O4 [12]. 

24.3.  Settling of Solids in HLW Glass Melter 

In the waste-glass melter, spinel can settle and disrupt melter operation and shorten its life-
time. Spinel typically forms octahedron crystals (Figure 3.1). However, in more viscous, low-
temperature melts, it can precipitate in more complicated shapes (Figure 3.1). 

By the Stokes equation, the settling velocity of a sphere is proportional to the square of its 
radius. Thus, the main factor that determines the rate of settling of spinel crystals is the crystal 
size. A simple calculation indicates that micron-sized spinel crystals virtually do not settle and 
leave the melter with glass. However, large crystals, those of tens or hundreds of micrometers, 
are likely to settle and accumulate in the melter. Several centimeters of spinel sludge has been 
found accumulated after a relatively short time of testing various experimental melters [14]. 
 

 
 
Fig. 3.1. Crystals of spinel in HLW glass; the left SEM image shows a typical octahedron form; the 
right optical image shows spinel that precipitates during rapid cooling at lower temperatures [13] 

 
What determines the crystal size? While the nucleation and growth of spinel crystals from 

the glass melt is well understood [15], the mechanism of their formation during the early 
melting reactions is not clear. However, crucible experiments have shown that spinel crystals 
can grow to the size over 100 �m in the absence of noble metals. Figure 3.2 shows an optical 
image of a thin section of a spinel sludge found at the bottom of a pilot-scale melter in which 
the simulated waste was processed without adding noble metals (to save the expenses, these 
test are often run without expensive components). 

Noble metals (Ru, Rh, Pd) are common components of radioactive waste glasses. Their 
particles provide sites for heterogeneous nucleation of spinel. Crucible tests have shown that 
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5 
when the noble metals are present in the melter feed, spinel crystals precipitate with such a 
high number density that their size drops to approximately 1 �m [16,17]. 

 

 
 
Fig. 3.2. Optical image of a thin section from sludge found at the bottom of an experimental melter 
[14] 

 
The formation of hematite, which precipitates in the form of pink hexagonal platelets, may 

precede spinel crystallization (Figure 3.3). As Figure 3.3 shows, hematite later reacts with 
other spinel-forming oxides (NiO, MnO, FeO, Cr2O3) to form spinel [18]. 

Another solid phase that can settle in the melter and disrupt its operation is RuO2. Though 
RuO2 crystals are too tiny to settle as individual particles, their settling rate is increased by 
orders of magnitude because of their tendency to form large agglomerates [19]. Electric con-
ductivity data exist for RuO2 sludge [20], but not on spinel sludge or sludge that combines 
RuO2 and spinel. Little is known about the mechanism of RuO2 agglomeration and the condi-
tions that influence it. An interesting case of the interaction between spinel octahedrons and 
RuO2 needles is shown in Figure 3.4 [21], see also [22]. 

The key step in the sequence of events that determine the rate of settling of spinel and RuO2 
is the nucleation and growth of their crystals and crystal-agglomerates during the early melt-
ing reactions. This mechanism cannot be understood without understanding the complex 
process of the conversion of melter feed to molten glass. Moreover, RuO2 agglomerates can 
further join and form super-agglomerates by the sheer-flocculation mechanism that operates 
when the velocity gradients in molten glass subjected to natural or forced convection bring the 
aggregates to close proximity. 
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Fig. 3.3. Hematite crystals in 
the process of conversion to 
spinel 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

With the exception of zirconium-containing crystals (Figures 3.5 and 3.6), most of the crys-
talline phases that can precipitate from the waste glass form at temperatures at which the glass 
has been poured out of the melter [23,24]. Figure 3.7 depicts the formation of intermediate 
solid phases [25] (e.g., spinel, zircon, and sodalite). 
 
 

 
 
 
 
 
Fig. 3.4. Needles of RuO2 grow-
ing on a central crystal of spi-
nel; secondary spinel crystals 
have been nucleated on the 
RuO2 needles [21] 
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Fig. 3.5. From top left clockwise: zircon, baddeleyite, rare earth zirconate, sodium zirconium silicate 
(parakeldyshite) 
 

 
 
 
Fig. 3.7. Content of vari-
ous intermediate crystal-
line phases in the melter 
feed as a function of tem-
perature during heating at 
5°C/min (as determined by 
XRD in quenched samples) 

5] 
 
[2
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Fig. 3.6. Occurrence of various zirconium-containing crystals in terms of ZrO2-SiO2-Na2O submixture 
[24] 

24. 4.  Foaming 

Two types of foam occur during glass melting. Figure 4.1 shows the development of the 
primary foam caused by the residual gas from the feed reactions trapped in the glass-forming 
melt after it became connected. The left graph shows the specific volume of an HLW feed 
heated at 5°C/min. The feed rapidly expands when the temperature reaches 750°C. At about 
900°C, the foam volume became eight times larger than the melt volume in this particular 
melter feed. The foam collapsed before the temperature reached 1000°C. The right graph 
shows a similar experiment conducted with E-glass [26]; in this case, the foam collapsing was 
visible through the crucible walls. The graph also shows the shrinkage of the glass batch be-
fore the beginning of foaming. Feeds or batches associated with the primary foam expand to 
various extents, from 0 to 10 times, depending on the feed makeup. It affects heat conductivi-
ty of the feed and assists the dissolution of solid particles in the melt. 

The secondary foam is caused by gas-producing reactions in molten glass. Gas (oxygen) is 
produced in HLW glasses mainly by such reactions as a multi-valent metal, such as Fe2O3, 
being reduced to FeO. Foam insulates the reacting layer on the top of molten glass (called the 
cold cap in waste glass melters and batch blanket in commercial glass-melting furnaces) from 
the heat transfer from the melt. Bubbling may remove secondary foam and certainly brings 
the hot melt to the cold cap, thus greatly enhancing the heat transfer and increasing the rate of 
melting. 
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Fig. 4.1. Expansion of HLW melter feed (left) and E-glass batch (right) during heating at 5°C/min 
 

25. 5.  Salt Segregation 

Molten salt, predominantly sulfate, tends to segregate from molten glass in the melter and 
accumulate on the melt surface. The sulfate phase contains also metallic chromates and phos-
phates. Sulfate segregates at an SO3 concentration well below the solubility limit. How can a 
well-dispersed, easily soluble component segregate at such low levels of concentration? Sul-
fate is a minor component in nitrate-carbonate molten salt, which exists in the feed at temper-
atures below about 750°C. When nitrate and carbonates decompose and the glass-forming 
phase becomes connected, molten sulfate becomes trapped in bubbles and is carried to the 
melt surface. 

Figure 5.1 shows fracture surfaces of partly melted LAW feeds. The fracture passes either 
through a bubble or leaves a shell of sulfate intact, thus evidencing the mechanism of segrega-
tion [27,28]. 

The following equation was derived for the final concentration of the dissolved sulfate [28]: 
 

 
3
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kk
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where ks is the Stokes constant, kL the Levich constant, n the bubble-number density, hthe 
bubble-path length, D the diffusion coefficient, η the melt viscosity, Δμ the difference be-
tween the melt density and the average bubble density, g the acceleration due to gravity, and 
Δc = csat – cdis; here csat is the SO3 solubility. 

The term in parentheses in the right-hand side of Equation 3 changes little with melt com-
position and temperature. Although the viscosity and diffusion coefficient change exponen-
tially with composition and temperature, their product, by the Stokes-Einstein equation, is 
nearly constant. Therefore, neither viscosity nor the diffusion coefficient significantly affects 
sulfate retention. 
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Fig. 5.1.  Sulfate in a bubble at 900°C (left); scanning electron microscopy (SEM) micrographs of a 
crescent of sulfate in a bubble at 950°C (middle) and of a spherical layer of sulfate in a bubble at 
875°C (right) [27,28] 

24. 6.  Molten Salt Migration 

Molten salts in the HLW or LAW feeds migrate when there are high fractions of molten 
salts in the feed and a low specific surface area of the feed solids. It rarely occurs in WTP 
HLW feeds that have relatively small fractions of molten salts, and the solid components are 
high-surface-area oxides from amorphous gels present in the waste (a different situation prob-
ably exists in feeds made from waste and premelted frit). However, LAW contains up to 90% 
salts that make up nearly half of the volume of the condensed phase in the feed at tempera-
tures above 300°C. If the feed solids are silica sand and crushed minerals of low surface area, 
only a small fraction of liquid salts is immobilized by wetting the solids while the rest can 
freely move and get segregated. This free molten salt migrated into the castable refractory 
used as the lining of the metallic boxes employed for bulk vitrification of LAWs. Combining 
two measures solved the problem: using very fine silica as a glass former and adding cellulose 
to the feed [29]. Fine silica immobilized most of the nitrates in the reactive grain surfaces. 
The rest of the mobile sulfate was destroyed by the cellulose that reacted with nitrates before 
they could migrate. 

24. 7.  Feed-to-Glass Conversion 

So far, little effort has been made to understand the relationship between the feed-makeup 
parameters and the rate of melting. Such and understanding can cast light on the role of mol-
ten salts in the reactions between solid constituents of melter feeds, the mechanism of glass-
melt formation, the dissolution of residual solids in the glass melt, and melt homogenization. 
Such an understanding can also help avoid nuisance phenomena that slow down the rate of 
melting and necessitate melter idling, such as melt foaming, salt segregation, and cold-cap 
freezing. 

The cold cap is the melter feed in the process of being converted to molten glass and float-
ing on the pool of molten glass; it is the most important and most neglected area of the waste-
glass melter. Even though some valuable experience in feed/batch-to-glass conversion studies 
has accumulated over the years, the relationship between the feed reactions and the rate of 
melting has not been well established. 
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The melting rate is jointly controlled by the heat-transfer rate and the rate of feed-to-glass 

conversion, consisting of various chemical reactions and phase transitions [30]. This can be 
roughly expressed with the formula 
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where N is the rate of melting (mass per time and area), NC is the conversion-controlled rate 
of melting, and NH is the heat-transfer-controlled rate of melting.  These rates are defined as 
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where λC and λH are effective heat conductivities of the cold cap and molten glass, TC and TM 
are the temperatures of the cold cap and the bulk melt, respectively, δ is the thermal boundary 
layer thickness, k is the conversion-rate coefficient, ρ is the feed density, and Q is the conver-
sion heat (the energy needed to turn slurry feed under ambient conditions to 1 kg of molten 
glass).  The thickness of the thermal boundary layer is defined as δ = (TM – TI)/(δT/δy)y=0, 
where y is the vertical distance from the cold-cap–melt interface, and TI is the temperature of 
the cold-cap–melt interface. 

Both the heat transfer and the conversion process are upset if fluxes (that are present in the 
form of low-viscosity molten ionic salts, also called the primary melt, existing at temperatures 
at which the glass-forming melt has not yet developed) migrate out of the cold cap. This leads 
to cold-cap freezing and inability to reach a steady state in the melter. 

An important factor affecting the heat-transfer rate is the melt viscosity that influences the 
velocity of natural convection in the melter and the extent of bubble/foam accumulation under 
the cold cap [31,32]. Because viscosity depends on glass composition, glass formulation is of 
a crucial importance for melter operation. For fast melting, the viscosity near the cold-cap 
bottom surface should be as low as possible. 

24. 8.  Crystallization [33] 

The HLW glass is poured into stainless steel canisters of 60-cm inner diameter and about 3 
m long. The glass in the canister centerline takes about 20 hours to cool below the glass tran-
sition temperature (Figure 8.1). During this slow cooling, the glass may precipitate crystals 
that remove components from the amorphous matrix, thus changing its corrosion resistance. 
Figure 8.2 shows a dendrite of baddeleyite (this form would occur as a result of fast cooling 
near the canister wall) and crystals of nepheline. Most of the crystalline phases found in Han-
ford HLW glasses do not form in a sufficient quantity to influence glass durability. However, 
a massive precipitation of nepheline can significantly decrease glass durability and must be 
avoided. 

532



12  
 

350

450

550

650

750

850

950

1050

1150

0 500 1000 1500 2000

Time, min

Te
m

pe
ra

tu
re

, °
C

Target

Actual

 
 
Fig. 8.1. Hanford canister centerline glass cooling curve 
 

 
 
Fig. 8.2. Dendrite of baddeleyite (left) and crystals of nepheline (right) i HLW glass 

24. 9.  Chemical Durability 

Chemical durability is a term for expressing the resistance of glass to corrosion by aqueous 
media. Some glasses dissolve incongruently, i.e., some of their components are preferentially 
leached out of the glass structure. Durable glasses usually dissolve congruently. Under static 
conditions, the glass remains in contact with a given volume of the aqueous medium for a 
prescribed length of time. The solution is then analyzed, and the amount of glass dissolved is 
estimated based on the concentration of elements that do not precipitate from the solution and 
do not remain on the glass surface in the form of a gel. The process of dissolution goes 
through several phases [34]. In the initial phase, the solution is unsaturated. In the advanced 
phase, the solution becomes oversaturated with respect to various clays and zeolites, such as 
analcime. At the end of this phase, these minerals are suddenly nucleated and rapidly precipi-
tate. The precipitation lowers the solution concentration of orthosilicic acid, thus increasing 
the driving force for dissolution. As a result, glass dissolution is greatly accelerated until, in 
the final stage, the process becomes controlled by the rate of precipitation of minerals from 
the solution. Figure 9.1 shows zeolites and clays that form on the glass surface during an ac-
celerated test [35]. 
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Fig. 9.1. SEM images of crystals on the glass surface 

Accelerated tests, such as the vapor hydration test, expose a glass coupon to saturated 
steam at 200 to 300°C for 2 to 3 weeks. A nondurable glass can be totally converted to gel 
(Figure 9.2). 
 

 
 
Fig. 9.2. An example of a cross-section of a coupon of a non-durable LAW glass subjected to vapor-
hydration test 
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25.1.  Healing and new bone formation 
 

 Healing of a bone defect represents a complex process comprising multiple 
simultaneous and consecutive phenomena, some of which might be affected by the presence 
of an implanted material.  Healing of an injury caused by implanting a material into the bone 
has common features with healing a fracture. Discontinuity of bone tissue occurs in both cases 
with the presence of blood, which is also the first medium interacting with the surface of the 
implant. Releasing of blood into the point of the defect causes activation of platelets which, 
together with additional blood plasma coagulation factors, participate in the formation of a 
blood clot, consisting of fibrin mesh [1], persisting at the point of the defect for several days 
to 2 weeks. Activated platelets release growth factors (e.g. PDGF, TGF-β 1,2), which support 
stem cells osteoblastic differentiation, and thus might cause rapid increase of the number of 
osteogenic cells, capable of forming an underdeveloped woven bone tissue [3,4]. The main 
type of cells that are present at the point of healing are the white blood cells – neutrofiles, 
which are later replaced (after 24 - 48 hours) with monocytes - macrophages. These are also 
the main type of cells, interacting with the material surface in the first healing phases. Blood 
clot and necrotic (dead tissue) is degraded by macrophages. Anaerobic metabolism occurs due 
to a lack of oxygen in the centre of the blood clot which is not sufficiently vascularised, the 
main product of which – lactate – locally reduces the pH value [1]. The initial blood clot is 
replaced with fibrous vascularised tissue.  
 Like in the case of bone facture, in the case of a foreign implant material the new bone 
tissue regenerates through the processes of osteoconduction, the new formation of the bone 
and its remodelling. The osteoconduction process is carried out by migrating osteogenic cells 
that differentiate into osteoblasts and, after settlement, begin formation of a new bone. This 
can be effected both in the 3D space of the biological environment and also on the surface of 
a solid substrate – a remodelled bone or e.g. an implant. Settling new osteogenic cells along 
the substrate surface, their differentiation and subsequent new bone formation thus cause an 
observed and apparent “growth” of bones along the surface of the implant. The new-
formation proceeds in four steps: adsorption of non-collagen proteins to the surface, their 
mineralisation by crystal growth, creation of collagen matrix-osteoid and its mineralisation 
[1]. Formation of bones by osteoconduction and new bone formation differs from the 
mechanism of appositional growth where the new bone matrix is already formed by 
differentiated osteoblasts of which the already formed bone consists. The growth of the bone 
as described is 50 to 80 times slower than the growth by osteoconduction.  

Bone represents a dynamic tissue where continuous formation and resorption take 
place. In general, formation proceeds by composition of collagen matrix-osteoid which 
subsequently mineralises through bone apatite crystals formation. However, under certain 
circumstances, formation of bones is non-continuous which results in formation of resting and 
reversal lines. In the case of a resting line, the differentiated osteoblast osteogenic activity (of 
appositional growth) drops temporarily, which comes out in formation of bone lamellas. 
When the osteogenic activity renews, osteoid is formed, and osteoblastic protrusions remain 
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in contact with the osteocytes in the formerly formed bone.  Resting line represents a 
temporary drop of osteogenic activity. When renewed, osteoid comes into existence. The 
reversal line represents discontinuity on which a new bone is formed by the population of 
newly differentiating osteocytes. The first structure that is formed is the cement line 
(mineralization line), the main constituent of which is crystalline bone apatite. 
 

 
Fig. 1. Bone lamellas bounded with cement lines. 

 
Reversal or cement lines (mineralization line) are formed when a bone is formed in areas 

where the bone was removed by e.g. osteoblastic activity or in surgery during preparation of 
the implant bed. In the above described case, the cement line is formed as the first step of the 
new-formation process (through a new population of differentiating osteogenic cells that 
already have no contact with the osteocytes of the bone on which the new formation takes 
place. The osteoblastic cell protrusions proceed to the new source of nutrition – from the 
original bone. An example of a cement line can be demarcation of bone lamellas from the 
neighbouring bone, the first description of which dates back to 1875 (von Ebner) (Fig. 1).  As 
was found out by the analysis of cement lines in the bone, they contain mainly calcium and 
phosphorus but in a lower amount than in the neighbouring bone tissue. On the contrary, 
higher content of sulphur than in the neighbouring area was detected, which is probably 
caused by the presence of sulphated non-collagen bone proteins [5, 6].  The cement line thus 
represents a structure, formation of which on the surface of discontinuity precedes the 
formation of a new bone, and which is a reaction of osteoblastic cells to a foreign but 
biocompatible body. Davies et al. observed in the bone marrow cell culture formation of a 
similar extracellular matrix, consisting of globular non-collagen accretions, rich in 
phosphorus and calcium, and containing sulphur. These accretions were formed on all the 
tested materials that formed the surface of culture dishes (polystyrene, PTFE- Teflon, pure 
titanium and Ti6Al4V alloy) [2].   
 
25.2. Main types of bone-implant interface  

25.2.1 Biocompatibility 
Implantation of material into the body environment causes mutual interaction. Body 

fluids represent a reactive environment which causes material degradation – e.g. 
depolymerisation of polymers, metal corrosion, dissolving of glassy materials. Products of 
this interaction act on their neighbourhood, thus inducing a response (e.g. an inflammation). 
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Biocompatibility is defined as an ability of material to induce such reaction that allows its 
functionality in specific application [7]. Thus the material can be biocompatible under certain 
conditions, however not under any conditions. For instance, the same material used in a 
different form (powder and monolithic) can induce a totally different reaction of tissue. 
Biocompatibility is not a purely material feature but has to be evaluated in relation to the 
situation in which the material was used. Toxicity-showing materials can be identified as 
insufficiently compatible. Toxicity is connected with increased material reactivity in the body 
environment, causing formation of toxic reaction (corrosive) products. The organism tries to 
isolate such material by means of non-adherent bushing of connective tissue when the 
thickness of soft tissue grows with the material toxicity. This reaction (fibrointegration) can 
be observed with certain metal materials. The fibrous case, enclosing the implanted material, 
disables the direct link with the bone and, at the same time, disallows transfer of mechanical 
load to the neighbouring tissue. Thus the implant cannot fulfil its function and, in most cases, 
just fails. Interaction of bone tissue with biomaterials, leading to the formation of the bone-
implant function interface, can proceed in several basic manners. There are a number of 
factors that decide about the way of interaction and the type of the resulting interface. These 
factors are listed in Table 1 below:  

 
Tab. 1. Factors affecting the bone-implant interface [8] 
Tissue side Implant side 
Type of tissue  Chemical and phase composition 
Health condition of tissue  Surface morphology 
Age of tissue Surface porosity   
Blood circulation – vascularity  Chemical reactivity, stability 
Implantation method – congruence with   
tissue 

Implantation method – congruence with 
tissue 

Mechanical load – mobility Mechanical load – mobility 
 
25.2.2. Bioinert materials 

Non-reactive, almost inert materials are characteristic with high corrosion resistance 
(low reactivity) in the body environment. It is shown in e.g. oxide ceramic materials based on 
ZrO2, Al2O3, polymer materials, such as PE (polyethylene), PTFE (teflon) and also metal 
materials, such as surface-untreated titanium or tantalum. A fibrous case is formed even in 
these materials. Its thickness depends on the factors specified in Table 1, and usually is 
significantly smaller than in the case of toxicity-showing, more reactive materials. For 
instance, if the bone bed congruency and the implant surface are excellent and there is no 
motion on the interface, direct contact with bone tissue can be achieved (e.g. in the case of the 
so-called press fit implantation).  
 
25.2.3. Bioactive materials 

A common characteristic of bioactive materials is the type of their chemical reactivity. 
Bioactive materials are either directly calcium phosphates, or the creation of calcium 
phosphates on their surface is the result of their reaction with blood plasma. Thus they 
successfully imitate the chemical and phase composition of the primary inorganic component 
of bone tissue – apatite, which serves as a substrate for the formation of a new bone even in 
the case of natural bone tissue formation.  

In the case of bioactive glasses or glass-ceramic materials [8], SiO2 gel structure is 
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formed, rich in Si-OH groups, supporting adsorption of calcium and later phosphate ions from 
the solution. Calcium phosphates, the composition and structure of which is similar to that of 
bone apatite, serve subsequently to osteogenic cells as a substrate for the formation of a 
mineralization line – the first structure of the newly forming bone tissue. This bioactive 
reactive material characteristic can thus speed up the formation of mechanically stable 
interaction with the newly formed bone. The induction ability of hydroxyl groups observed 
with bioglasses of hydroxyapatite (HA)-based bioactive materials is replaced with structural 
and chemical similarity to the substrate (synthetic hydroxyapatite) and the originating bone 
apatite (epitaxial growth). The calcium and phosphorus ions, dissolved from the 
hydroxyapatite surface, also increase supersaturation of the neighbouring solution towards the 
apatite, thus enhancing the driving power of its formation. The main representatives of 
bioactive materials are e.g. bioactive glasses (Bioglass ®), glass-ceramic materials, some 
calcium phosphates (e.g. hydroxyapatite) or some chemically modified titanium surfaces. 
Unlike inert materials, bioactive materials create a direct, mechanically resistant bond with 
the bone tissue, which allows uniform transfer of load to the bone tissue, thus providing a 
prerequisite of long-term functionality of bioactive material. Also the interface of bioactive 
material with bone depends on such factors as micro movement on interface, quality of bone 
tissue, congruency of bone bed and implant (Tab.1).  However, this dependency is not that 
significant as in the case of inert materials. In general, bioactive materials are more tolerant to 
unfavourable conditions of healing, such as movement of implant, or gap on the bone-implant 
interface. As was demonstrated, a bioactive surface (e.g. hydroxyapatite) is capable of 
creating a direct bond to the bone even at a high level of incongruence of the bone-implant 
interface, up to 1mm [51-57]. In the case of machined titanium, the soft tissue intercalates 
under the same conditions. In addition, bioactive material tolerates better micro movements 
on the interface, caused by low primary stability of the implant, caused by gross incongruence 
of bone bed with the implant (cf. Fig.2).  

   a)       b) 
      
Fig. 2. Interface image of a) hydroxyapatite-coated titanium and b) mere machine-finished titanium 
with the intergrown bone after implantation with a low primary stability caused by gross 
discongruency of bone bed with the implant (stained with toluidine blue, but presented i  gray 
portrayal) [9]. English reading on the inserted notions: kost = bone, měkká tkáň = soft tissue, HA = 
hydroxyapatite interface, Ti = titanium 

Similarly, morphology does not play such a big role in the creation of a bond with 
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bone as it does in inert materials (e.g. titanium). As was demonstrated, bioactive glasses 
create a bond regardless of the surface roughness [10].  In this context, an important 
characteristic of bioactive materials is their osteoconductivity, i.e. the ability to serve as a 
substrate for the process of osteoconduction, described in Chapter 1.1. Significantly faster 
formation of bone by osteoconduction on the surface of bioactive material, compared to 
appositional growth of the original bone in the case of inert materials, leads to a difference 
observed in the speed of healing and creation of direct contact with the bone of both these 
material groups. 

It has to be taken into account that the material classification in bio-inert and bioactive 
can serve for indication only. The type of the interface formed between the implant and the 
bone is decided by the factors specified in Table 1 and, often even in case of a single material, 
formation of various interfaces with the bone can be observed [9]. A typical example can be 
titanium which, thanks to its perfect passivation with oxide layer, shows high chemical 
resistance which results in excellent biocompatibility. Therefore it is often classified as inert 
material. Yet at the end of 60s, coincidentally at the time when L.L. Hench discovered 
bioactive glasses, P.I. Branemark documented the ability of titanium to create direct (when 
observed in optical microscope) and mechanically resistant contact with bone tissue under 
certain circumstances [11]. This phenomenon was named osseointegration and represented 
the beginning of mass application of titanium as a material for the construction of 
mechanically loaded implants, especially dental and orthopaedic implants. The ability of 
osseointegration is explained by the character of the surface oxide layer which, upon 
sufficient hydration, supports absorption of calcium and phosphate ions from blood plasma, 
thus imitating the reaction of bioactive materials. However, considering the overall low 
reactivity of titanium and its alloys, the creation of bioactive interface is slower and therefore 
more dependent on the parameters listed in Table 1. Congruency with bone bed, and stability 
of the implant or its surface texture therefore have an enormous impact on the ability of 
osseointegration of titanium implants [12]. 
 
25.2.4. Resorbable materials 

Resorbable materials represent a prospective group of biomaterials for bone tissue 
replacements. These materials are chemically or mechanically degraded, the process of which 
takes place simultaneously with the formation of new bone tissue. The resorption can only 
result in origin of non–toxic products that are led away by body fluids, and easy degradation 
of macrophage material particles must be ensured [8]. The speed of resorption should 
correspond with the speed of the bone tissue formation. Most important representatives of this 
material group are some polymer materials (e.g. based on lactic acid derivatives), some 
calcium phosphates (β-tri calcium phosphate) or calcium sulphate (plaster). The main 
function of resorbable materials is to provide scaffolding allowing migration and 
differentiation of osteogenic cells, their attachment and formation of an extracellular matrix 
with subsequent resorption of implanted material [13]. Ceramic resorbable materials on the 
basis of calcium-phosphoric salts show significant osteoconductive and even osteoinductive 
properties, affected mainly with micro and macro structure. Z. Xingdong [14] demonstrated 
that the 3D microstructure decides about the osteoconductive qualities of material, and also 
about the osteoconductive mechanisms. Adhesion of signal molecules depends mainly on the 
chemical composition and topography of material surface. Porous calcium-phosphoric 
ceramics are, under certain conditions, capable of capturing and concentrating morphogenic 
proteins to the level which allows initiating the differentiation of mesenchymal cells to 
osteoblastic-type cells. Thanks to its parameters, material porosity is then capable of selective 
prioritising of migration, attachment and proliferation of osteoblasts. This initiation of new 
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bone tissue formation by means of differentiating 
mesenchymal cells in an environment free of 
differentiated osteocytes is called osteoinduction.  
 
 
Fig.3. β tri-calcium phosphate. Resorbable material 
with optimised microporosity (scanning electron 
microscope – magnification 4000x, PORESORB-TCP,    
LASAK Ltd.). 
 

 

 

25.3 Surface characteristics of titanium implants and their effect on osseointegration  

25.3.1.  Physico-chemical characteristics 
Titanium used in dental implantology or orthopaedics is mostly in the form of pure 

titanium or Ti6Al4V alloy (Ti-6-4 hm. % by weight V). Pure titanium is formed by single 
phase α Ti (cryst. structure hcp) and, according to the minority element contents, purity levels 
are distinguished (grade 1-4).  The 1-4 grades differ in the content of minority elements 
(ferrum, silica, oxygen, carbon, nitrogen, etc.) but mainly in the oxygen content which 
enhances rigidity significantly. The tensile strength of titanium thus moves from 240 (grade 1) 
to 740MPa (grade 4). The Ti6Al4V alloy is a double-phase material, containing α and β 
phases. Unlike pure titanium it shows higher tensile strength (900-1200MPa), the yield point 
corresponds with the corrosion-resistant steel used, and is almost double that of the Co-Cr-Mo 
alloy.   

An important mechanical characteristic of titanium and its alloys is relatively low 
modulus of elasticity (100-105 GPa) which, compared to corrosion-resistant steel (210 GPa) 
or other metal biomaterials, is closer to the values of cortical bone (10-30GPa). If the 
difference between the elasticity modulus of the implanted material and that of the bone is too 
significant, the stress cannot be distributed perfectly to the neighbouring tissue. Areas 
showing non-physiological stresses (too high or too low) are created which leads to damage 
or resorption of the bone tissue in the area of the implant. Within the range of 1500-2500 
microstrain (deformation by ppm of the original length) the bone is stationary and 
deformation within this range correspond with physiological load. Titanium and its alloys are 
among the most compatible materials used for bone replacements. 

The biocompatibility of titanium is determined by its excellent corrosion resistance, 
caused by the presence of a protective (passivating) oxide layer on the surface which 
originates directly after the contact of metal titanium with traces of oxygen or water. Unless 
the formed passivating layer is chemically or mechanically disturbed, it prevents active 
dissolving of titanium and minimises the interaction of the metal with the environment. The 
chemical properties of titanium implants are thus, in fact, determined by the qualities of the 
oxide layers on their surface. The typical layer thickness is less than 10nm and, in the 
majority of aqueous environments, consists of titanium oxides (TiO2, Ti2O3 or TiO). The 
nature, composition and thickness of the layer depend on the conditions of its formation. 
High-temperature oxidation supports formation of crystalline TiO2 – rutile, whilst lower 
temperatures usually give rise to anatase, a mixture of anatase-rutile or amorphous form of 
TiO2. The passivating layer is highly chemically resistant. Among the attacking substances 
are e.g. hot and concentrated mineral acids (HCl, H2SO4, H3 PO4, HF) and alkali (NaOH). 

543



Hydrofluoric acid and water solutions of fluorides dissolve the protective passivating layer 
even in low concentrations at room temperature. The oxide layer subjects to ageing and in 
body environment increases its thickness, becomes hydrated, and the calcium and phosphoric 
ions incorporate simultaneously into the surface [15]. With this particular ability to support 
adsorption of calcium phosphates the surface passivating layer of titanium oxides differ from 
the passivating layers of other, commonly used metal materials, such as corrosion-resistant 
steels or chromium-cobalt alloys. The main constituent of the passivating layer of these 
metals are chromium oxides (chrome oxide) which do not adsorb the calcium ions as they do 
with the titanium oxides during the initial interaction with the body environment. Magaz [16] 
explained this difference by different isoelectric point of both oxides and therefore different 
surface charge.  In the body environment (pH ca 7.4) the steel surface has a positive charge, 
and therefore cannot (unlike the negatively charged titanium surface) induce adsorption of 
calcium ions. The difference in this fastest and initial interaction phase of the implant surface 
with the body environment (blood) might affect further and slower interactions with the blood 
plasma proteins. These results demonstrate better osseointegration ability of titanium and its 
alloys, compared to corrosion-resistant steels. 

It can therefore be anticipated that, thanks to the convenient features of the oxide 
passivating layer, titanium nears to bioactive materials. However, titanium does not show the 
same bioactivity level as e.g. hydroxyapatite or bioactive glasses [17,18]. The difference 
between titanium and bioactive materials lies mainly in the kinetics of surface reactions which 
lead to formation of calcium-phosphoric layers. Bioactive glasses form an apatite layer of 
micrometer units thickness in single or tens of hours [19].  The precipitation acceleration is 
explained also by increased supersaturation of the simulated plasma solution towards the 
apatite, which is caused by pH, growing as a result of elution of alkali from the bioactive 
glasses surface. 
  Ducheyne [20] detected by means of RTG difraction apatite on the surface of worked 
titanium only after 30 days of exposure in SBF. Films of calcium phosphates detected on the 
surface of titanium by Hanawa using XPS reached 7.9 nm thickness after 30 days of exposure 
in simulation solution [21]. Hanawa states that these thin calcium phosphate films are under 
electrostatic influence of metal titanium and the passivation titanium oxide layer, and 
therefore cannot demonstrate the calcium phosphate character in the body environment. 
Hanawa claims 1 μm the limit thickness of the layer when calcium phosphates begin to show 
their bioactive properties. 
 
25.3.2.  Surface roughness and morphology  

The first enosteal dental implants (the Branemark system) were used with machined 
surface, without any additional surface treatment. Machined titanium can be taken as bioinert 
material showing strong dependency of osseointegration on the conditions of implantation 
(Table 1), such as implant stability, quality of bone tissue, micro movements on the interface 
or congruency of the bone bed with the implant. In order to achieve successful 
osseointegration they were extremely particular about the accurate preparation of bones, high 
primary stability of the implant in the bone and sufficiently long healing period (6 months in 
the upper and 3 months in the lower jaw) during which the implant was protected against 
mechanical load and micromovements.  The effect of bioinert character of machined titanium 
can be observed in clinical studies comparing the successfulness in the upper and lower jaw, 
since in the upper jaw certain unfavourable conditions combine, such as low quality of bone 
or low primary stability of the implant after implanting. Adell evaluated a group of 734 
implants in the upper jaw with 88% successfulness and 721 implants in the lower jaw with 
94% successfulness, 1 year after the implantation. 15 years after implantation Branemark also 
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documented a significantly lower successfulness in the upper jaw (81%), compared to the 
lower (91%). The pretence at improving successfulness of osseointegration led to 
development of methods, modifying the implant surface.  

The most frequently used surface treatments of titanium implants modify the surface 
morphology (roughness). To characterize the surface, longitudinal, height and shape 
parameters of roughness are applied which describe the extent of surface deviation from the 
central line, longitudinal division and shape of inequalities formed. The most frequently used 
parameters include: mean arithmetic profile deviation (average roughness) Sa and Mean 
profile spacing Sm. The Sa (or Ra in 2D) parameter is often used to characterize the surface 
roughness. However, this parameter does not define sufficiently the surface character as 
shown in Fig.4. Two surfaces with similar Ra value can thus show totally different functional 
properties. 

 
Fig.4. Two surfaces with identical Ra values 

 
The effect of surface roughness to the formation of the titanium implant bond with 

bone was often demonstrated in literature. The originally used machined surface used to be 
replaced with roughened surface through various technological procedures which resulted in 
better healing-in of titanium implants. 

Among the least complex titanium implant surface modifications is sand blasting 
which is currently mostly used either as the final treatment or just as the basic surface 
modification of the implant. As blasting media, mostly alumina (Al2O3), rutile (TiO2), glassy 
or calcium-phosphate powder of various grain sizes are used. Positive effect of sand blasting 
to the rigidity of the bone – implant bond was demonstrated in a number of studies [22, 23, 
24]. Wennerberg et al. [25] determined on histological sections a larger contact area of 
implants with bone, roughed by sand blasting (if Al2O3 and TiO2 are used as the sand-blasting 
media), than if the surface is only machined, even if Al2O3 and TiO2 are used as the blasting 
media. In Gottfredsena et al.'s [25] study, dependency of the implant surface roughness was 
found, characterised with average deviation of surface profile from the central line (Ra) and 
the values of the explantation torque, necessary for interrupting the bone-implant bond.  With 
growing size of the blasting medium (within the range of 10-125 μm), the Ra roughness value 
also grows, as well as the explantation torque value.  

For the same roughing purposes, plasma spraying of titanium powder on the surface of 
titanium implants is often utilised. This modification is used to achieve roughing that is more 
significant or comparable to the sand blasting [26,29]. Also, the positive effect of plasma 
spraying of titanium to the formation of the implant/bone bond was often demonstrated 
[25,26]. Both plasma spraying and sand blasting about ten times increase the area of the 
surface with regard to the original machined surface. The positive effect of sand blasting to 
the formation of the implant/bone bond is mostly explained by extending the surface, 
interacting with environment, and thus also the space in which new bone tissue forms. 

However, some works state [27,28] that the titanium surface roughness also has 
impact on the acting of osteoblastic-type cells which are responsible for the formation of new 
bone tissue in the space between the old bone and the implant surface. As was found out by 
Kieswetter et al., rough surfaces, obtained by sand blasting, titanium plasma spraying and 
even by etching with HCl and H2SO4, affect cellular production of growth factors that 
influence cells differentiation. In cellular cultures in contact with rougher surfaces higher 
levels of alkaline phosphatase were detected, compared to a smooth machined surface, which 
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signal differentiation of osteoblastic cells, the LTGF-β growth factor and the bone matrix 
protein – osteocalcine.   

Roughening of the titanium surface in micro-scale is achieved by etching in mineral 
acids, mainly in hydrochloric and sulphuric acid (HCl and H2SO4) at raised temperature. The 
result of active titanium dissolving is a highly rugged surface, composed of concave 
unevenness with spacing of protrusion in micrometer scale (see Fig. 5).  Etching in acids is 
therefore a subtractive method and does not form any further layer on the surface of etched 
titanium. A micro rough surface, finished in the above described manner, is used either 
directly on the machined surface (the Osseotite surface, BIOMET 3i), or as a further stage of 
surface finishing of titanium roughened in macro-scale, i.e. by sand blasting (SLA surface, 
Fig 5).  

 

    
Fig.  4. Surface finishes of titanium implants that are currently in use, modifying roughness  from the 
left: machining, sand blasting, titanium plasma spraying - TPS). 
 

      
Fig.5. Currently used roughness-modifying surface finishes of titanium implants in micrometer units 
scale:  on the left the surface is sand-blasted and etched in acid (SLA surface), on the right anodically 
oxidized surface (Tiunite surface) 

 
The positive effect of acid etching to the speed of in-healing of titanium dental 

implants was demonstrated in a number of studies [30,31,32,33,34]. Gemmell [35] developed 
a hypothesis of a mechanism through which a microtextured surface contributes to accelerated 
healing of an implant, especially in the first phase after the implantation, when blood clot is 
formed. Blood clot consists of fibrin mesh, representing an environment through which 
osteogenic cells migrate to the surface of the implant. At the same time, blood platelets, 
producing growth, morphogenic factors affecting differentiation and proliferation of 
osteogenic cells, activate. Capturing this fibrin mesh by the micro rough implant surface 
causes the healing process to maintain on the implant surface, thus forming a new bone 
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(contact osteogenesis, see above). Lazzara [34] studied growth of bone into the hollow 
chamber of machined titanium and sand-blasted titanium, subsequently etched with acid. 
Although bone ingrowth occurred in both cases, a significantly larger surface of finished 
titanium was covered with a new bone, than in the case of a machined surface. After two 
weeks of healing in a rabbit's femur, Klokkevold [37] measured 4 times higher values of 
explantation torque in implants etched with acid, than in machined implants. Higher values of 
explantation torques were mostly measured in surfaces combining macro rough surface, 
achieved by sand blasting with micro roughness created by acid etching, than in surfaces that 
were just acid-etched [36]. Mechanical modification of roughness by sand blasting and also 
modification of microroughness by etching in acids improve the clinical characteristics of 
implants, thus enabling formation of more solid interface of bone-implant, compared to 
unfinished (machined) surface. However, none of these modifications change the chemical 
reactivity of titanium towards bioactive materials or allow easier incorporation of calcium and 
phosphate ions into the surface structure. Acid-etched, microrough surfaces of dental implants 
are currently offered by majority of dental implants manufacturers.    

Another modification of titanium implants is represented by anodic oxidation in 
aqueous solutions of acids and salts. This modification lies in anodic oxidation in solution of 
mineral acid or its salt. The consequence of electric current passage is that the surface oxide 
layer grows to the thickness of units to tens micrometers at simultaneous formation of 
micropores (Fig. 5). 
 
25.4.  Bioactivation of titanium 

25.4.1. Surface coating  
The effort to increase bioactivity of titanium implants was solved in the eighties by 

coating titanium with bioactive material, mostly hydroxyapatite. This solution promised 
combination of bioactive properties of the coating with the good mechanical qualities of the 
titanium base. Synthetic hydroxyapatite Ca10(PO4)6(OH)2, used mostly for coating, differs 
from biological apatites contained in hard tissues mainly in its crystalline structure and also in 
its chemical composition. Bone apatites contain as minority constituents magnesium and 
sodium ions and also carbonate or chloride ions.  

                       
Fig. 6:  Plasma-sprayed hydroxyapatite 
coating.  

The most frequently used 
method of coating titanium and its 
alloys became plasma spraying. As a 
mixture of gases (Ar, He, N2, H2) 
passes through electric arc, a plasma 
stream originates into which the 
sprayed material is brought by the 
carrying gas. The plasma-sprayed 
material melts and falls on cooler 
substrate [42] (Fig.6).  

 

 

Main disadvantages of plasma spraying are structure changes, HA composition in 
consequence of thermal decomposition, imperfect adhesion of the coating to the surface, 
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difficult control of the crystallinity grade and the phase composition of the product.  

The HA adhesion to the surface must be enhanced by surface roughening, e.g. by sand 
blasting. Crystallinity affects significantly resorption of the layer in the body. Highly 
crystalline coatings are more stable but more incline to fragmentation (release larger 
particles). The most frequent thicknesses achieved by plasma-sprayed layers are several tens 
micrometers. Thus they modify the shape of the titanium base and its fine shapes (e.g. fine 
threads or edges of self-cutting implants).  

During hydroxyapatite plasma spraying, dehydroxylation and formation of additional 
phases might occur, e.g. oxyapatite CaO, α− TCP (tricalcium phosphate), β-TCP, tetracalcium 
phosphate (TTCP) and amorphous calcium phosphates. [43]  
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Fig.7. Published percentage values of bone-implant contact (BIC) for plasma-sprayed hydroxyapatite 
surface (HA) and uncoated titanium (Ti). 

β- tricalcium calcium phosphate, (β-Ca3(PO4)2, β-TCP) is, together with 
hydroxyapatite, the most frequently used material in bone tissue regeneration. It differs from 
hydroxyapatite mainly in the type of crystalline structure, chemical composition (molar ratio 
Ca/P=1.5) and in some chemical any physical properties. TCP forms high-temperature (α-
TCP) and low-temperature β− TCP phases that differ in their crystalline structure which 
causes higher α-TCP reactivity and thus resorbability in aqueous environment [44]. Solubility 
of most frequent calcium phosphates drops as follows: TTCP >> α-TCP >> β-TCP >>HA, 
and, at the same time, increases significantly with decreasing pH. Calcium phosphate-based 
coatings and augmentation materials are therefore very sensitive to the presence of acidic 
medium, caused e.g. by inflammation. The literature documents observations of partial or full 
degradation of hydroxyapatite coatings [12,49] after implantation but there are also works in 
which degradation was not documented at all. Degradation of coatings is often associated 
with new formation of bone which replaces the dissolved coating whilst maintaining tight 
contact with the bone tissue [47]. Despite the aforementioned disadvantages, implants coated 
with hydroxyapatite are capable of significantly faster bond with bone tissue, compared to 
implants of pure machined or only roughened titanium. A faster and stronger bond to the bone 
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is mostly demonstrated by higher values of percentage contact of the implant with the bone 
(BIC, bone-implant contact) (12,46,48) or by higher values of the force or torque that is 
necessary to disturb the bone-implant interface [47,45] (Fig.7). 

Thanks to bioactive characteristic, hydroxyapatite coatings show higher ability of 
bonding to bone, mainly in unfavourable conditions of implantation, such as micro movement 
on interface, low bone stability or quality [9,47]. As was recorded, bioactivity of HA coatings 
contributes more significantly to the formation of stable interface with bone than the macro 
rough relief of plasma surface. Plasma-sprayed titanium showed lower BIC in the same time, 
compared to HA coating [51,52]. In the 1990s, first efforts were made for modification of 
surface of implants not only considering the ideal morphology but, by means of chemical 
modification; bring the behaviour of titanium implants near bioactive materials, without 
coating titanium with a layer of bioactive material. This objective was achieved in several 
ways. 
 

       
Fig 8. Biosurface (chemically modified bioactive surface of titanium of Lasak Ltd. ®), on the left: sub 
microstructure of Biosurface; on the right: Surface macro- and microstructure   

 
 
 
Fig. 9. Bone apatite spherulites, 
precipitating on surface of chemically 
modified bioactive titanium (Biosurface 
®, scanning electron microscope)  
 
 
 
 
 
 

25.4.2. Surface chemical bioactivation  
The first procedure through which the bioactive reaction characteristic was achieved 

was surface treatment in alkaline environment [38]. During the said process, the passivation 
oxide layer dissolves and, by subsequent active dissolving of metal, ended with interaction 
with aqueous environment, hydrated, porous titanium oxide originates. (fig.8).  
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The same as bioactive materials (bioglasses, hydroxyapatite), this surface shows the ability to 
induce adsorption of calcium phosphates from blood plasma solution and, in solution 
simulated by inorganic part of blood plasma, induces formation of apatite mineral, the main 
inorganic constituent of bones (cf. Fig. 9). 

The alkaline surface treatment was applied on a surface that was pre-roughed by sand 
blasting using rough blasting medium and subsequent etching in acid. By this combination of 
surface treatments, surface morphology at three levels was achieved: macrorough surface as 
the result of sand blasting, microroughness as the result of acid etching and alkaline treatment, 
modifying reactivity and creating micro- to nano- porosity (BIO surface ®, LASAK Ltd.). 
Using this method, a bioactive reaction characteristic of final surface was achieved. Thanks to 
relative complexity of the surface, high relative surface area increase was achieved in relation 
to machined titanium (about 140 times) [52]. The presence of hydroxyl groups on titanium 
surface provides excellent wetting properties of the modified surface. Wetting angle achieves 
relatively low values (approx. 20°) mainly in relation to strongly hydrophobic, acid-etched 
surfaces (119°). This feature allows instant interaction of blood with the entire complex 
implant surface whilst in hydrophobic surfaces instant ion and other interactions with blood 
might be significantly complicated (Fig.10). 
 

Fig. 10. Contact of three selected surfaces 
with blood (left: anodically oxidised titanium, 
in the middle: sand-blasted and acid-etched 
surface, right: bioactive sand-blasted, acid-
etched and in alkaline-environment modified 
titanium (biosurface), the arrows point the 
highest point of the implant-blood contact). 
 

 
Results of in-vitro study [39], comparing cellular reaction of osteoblastic cells on three 

tested surfaces (machine titanium, sand-blasted titanium and acid-etched titanium, Biosurface) 
demonstrated the effect of Biosurface on cellular adhesion and osteoblastic differentiation. 
Biosurface showed significantly higher percentage of adhering cells (cf. Fig.11) when  

 
Fig 11. Osteoblastic-type cell adhering to the 
surface of chemically modified titanium 
(Biosurface ®, Lasak Ltd.) 
 
 compared to sand-blasted acid-etched and 
machined surfaces. The attractiveness of 
Biosurface for osteoblastic cells was 
confirmed by increased adsorption of 
fibronectin (binding cellular protein), 
compared to other surfaces. The cells 
cultivated on Biosurface showed, 
compared to other tested surfaces, higher 
production of osteopontin, the main 
component of the first mineralised bone 

matrix, formed by osteogenic cells on the implant surface. The ability of alkaline-modified 
titanium to induce formation of bone tissue was tested in vivo even in soft tissues of dorsal 
dogs' muscles, i.e. in localities without osteogenic cells and other osteogenic factors, where 
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ossification does not normally occur. Samples of modified and unmodified titanium in form 
of porous blocks and fibrillar nets were implanted for 3 to 12 months. After 12 months bone 
was only identified in the samples of alkaline-modified titanium. This study represents the 
first evidence of osteoinductive properties of metal biomaterial [41].  

Another way of chemical bioactivation was studied by Elingsen [40]. Modification of 
titanium by aqueous fluoride solution was achieved by enriching the surface with fluorine 
which, similarly as bioactive materials hydroxyl groups, initiates adsorption of bone mineral 
to the implant surface. The advantage of this modification is the fact that fluoride ions modify 
bone apatite to fluorapatite which shows higher crystallinity than hydroxyapatite. Bioactive 
behaviour in vivo conformed to the results observed during the exposition of fluoride-
modified titanium in simulated blood plasma solution where apatite spherulites of similar 
morphology were formed as in case of Biosurface (cf. Fig. 9). [40]. The fluoride surface 
treatment, ensuring titanium bioactivity, is utilised in preparation of implant surfaces by 
Astratech company (surface Osseospeed). These unique procedures point at potential trend of 
dental implants modification development, ranging from macro- and microroughness 
optimisation to optimisation of nanostructure and related chemical reactivity in body 
environment.  
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Geopolymers are materials prepared by alkaline activation process in which a powder material 
of an aluminosilicate nature, such as metakaolin or fly ash, is mixed with an alkaline activator to 
produce a paste that is able to set and harden in a short time. These materials, frequently 
termed alkaline inorganic polymers, geopolymers, hydroceramics, etc., constitute a new family 
of products which, among other interesting properties, are able co combine qualities peculiar to 
cements with those of traditional ceramics and zeolites. This is a reason that some author 
(according of the main application) suggested a new generic name to these materials: 
“Zeoceramic” or “Zeocements” [1]. 

 
26.1. Geopolymers – introduction and history 

 
Geopolymers may be defined in a number of ways, in terms of their principal constituents 

(alumina and silica), their structure (tetrahedral Al-O and Si-O units in random 3D framework 
charge-balanced by alkali ions), their synthesis (room temperature condensation of alumina 
and silica resources at high pH) or their properties (moderately strong and hard, stable at least 
1000 °C) [2]. As a result of the recent upsurge of interest on environmentally friendly and 
energy-efficient materials and processes, geopolymers, which behave as ceramics but are 
formed at ambient temperature, have attracted increasing attention. One result is that 
the generic term is tending to be used more loosely and indiscriminately for any material 
bonded with alkali metal silicate, irrespective of its structure and properties [3]. The alkali 
containing composites of similar composition were produced as early as in ancient times and 
the still well-preserved buildings document very good long-term durability of this 
material [2,4]. 

The study of composition and structure of natural sodium and potassium aluminosilicates 
(zeolites, mica) initiated research teams to synthesize analogous material possessing excellent 
mechanical and chemical properties. First experiments of the action of alkalis on blast-furnace 
slag were published in 1940 by Purdon [5]. Important research was performed in Kiew by 
Gluchovskij such as alkali-activated aluminosilicates called gruntosilicates [6] an afterwards 
in Krakow [7] and later in Finland [8], Czech Republic [9], Canada [10] and other countries. 
Some important steps in the development of alkali-activated and alkaline cements are 
chronologically summarized in Table 1. 

The term „geopolymer“ was coined by Joseph Davidovits and Michel Davidovits 
in the 1980s to describe aluminosilicate materials consisting of tetrahedral aluminate and 
silicate units condensed at ambient temperatures into a framework structure charge-balanced 
by the presence of monovalent alkali metal ions [11]. A strict formalism was developed which 
investigated the structural units in the terms of fragments such as [-Si-O-Al-O-] (called sialate 
units by Davidovits, or polysialate when condensed together). Other postulated units 
contained different Si:Al ratios, thus, [-Si-O-Al-O-Si-O-] (sialate siloxo in the Davidovits 
terminology) and [-Si-O-Al-O-Si-O-Si-O-] (sialate disiloxo). There the Si:Al atomic ratio is 1, 
2 and 3, respectively. Units with Si:Al > 3 are designated as sialate links. Terminology 
of poly(sialate) geopolymers are presented on Figure 1 (according to J. Davidovits) [2,12]. 
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Table 1: The bibliographic history of some important events during alkali-activated systems 
investigation [13]. Added dates were provide by a reference. 
 
Author(s) Year Significance 
Kuhl 1930 Investigated setting behavior of slag in the presence of caustic potash [58] 
Chassvent 1937 Measured reactivity of slag using caustic potash [58] 
Feret 1939 Slags used for cement 
Purdon 1940 Alkali-slag combinations 
Glukhovsky 1959 Theoretical basis and development of alkaline cements  
Glukhovsky 1965 Fist called “alkaline cements” because natural substances used as components 
Davidovits 1979 “Geopolymer” term-emphasizes grater polymerization 
Malinowski 1979 Ancient aqueducts characterized 
Forss 1983 F-cement (slag-alkali-superplasticizer) 
Krivenko 1984 Slag-alkaline cements and concrete [14] 
Langton and Roy 1984 Ancient building materials characterized (Roman, Greek, Cyprus) 
Davidovits and Sawyer 1985 Patent leading to “Pyrament” 
Krivenko 1986 D.Sc. Thesis, R2O-RO-R2O3-SiO2-H2O 
Malolepsy and Petri 1986 Activation of synthetic melilite slags 
Malek at al. 1986 Slag cement-low level radioactive waste forms 
Davidovits 1987 Ancient and modern concretes compared 
Deja and Malolepsy 1989 Resistance to chlorides shown 
Kaushal at al. 1989 Adiabatic cured nuclear waste forms from alkaline mixtures including zeolite formation 
Roy and Langton 1989 Ancient concretes analogs 
Majumdar at al. 1989 C12A7 – slag activation 
Talling and Brandstedtr 1989 Alkali – activated slag 
Wu at al. 1990 Activation of slag cement 
Roy at al. 1991 Rapid setting alkali-activated cements 
Roy and Silsbee 1992 Alkali-activated cements: overview 
Palomo and Glasser 1992 CBC with metakaolin 
Roy and Malek 1993 Slag cement 
Glukhovsky 1994 Ancient, modern and future concretes 
Krivenko 1994 International conferences on alkali-activated cements 
Wang and Scrivener 1995 Slag and alkali-activated slag microstructure 
Krivenko 1999 International conference on alkali-activated cements 
Davidovits 1999 International conference on geopolymer 
Van Deventer 2002 International conference on geopolymer 
Davidovits 2005 International conference on geopolymer 
Davidovits 2008 Workshop Geopolymer Special Event at ICC2 

 

 
 

Fig. 1: Terminology of poly(sialate) geopolymers [2]. The Al atom is highlighted with a dot. 
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 For the chemical designation of geopolymers based on silicon-aluminates, poly(sialate) 
was suggested. Sialate is an abbreviation for silicon-oxo-aluminate. The sialate network 
consists of SiO4 and AlO4 tetrahedrons linked alternately by sharing all the oxygens. 
Positive ions (Na+, K+, Li+, Ca2+, Ba2+, NH4

+, H3O
+) must be present in the framework 

cavities to balance the negative charge of Al3+ in IV-fold coordination [7]. Poly(sialates) are 
chain and ring polymers with Si4+ and Al3+ in IV-fold coordination with oxygen and range 
from amorphous to semi-crystalline [15].  

Common silicate minerals according to the terminology used above are strictly spoken 
polycondensed sialates. In that sense the majority of the Earth’s crust is composed of siloxo-
sialates and sialates1. It can easily be checked that according to this terminology the common 
feldspar series albite-anorthite (NaAlSi3O8 – CaAl2Si2O8) can be described as poly(sialate-
disiloxo) for albite to poly(disialate) for anorthite [12]. According to Löwenstein’s law two 
aluminate tetrahedrons cannot be connected via oxygen creating Al-O-Al bridge, however 
dialuminate ions do not exists whereas silicate polyanions are common. The idealized 
geopolymeric structure is illustrated on Figure 2. 

 

 
Fig. 2: Proposed amorphous geopolymeric structure (negative charge on AlO4 tetrahedrons is 

compensated by K+) (edited by author). 
 
 Geopolymers can be classified into two major groups: pure organic geopolymers and 
organic containing geopolymers, synthetic analogue of naturally accruing macromolecules. 
Further possible criteria for defining a geopolymer [2]: 
• Definitions in terms of chemical composition: Attempts to define geopolymer system 

in terms of their composition may be unnecessarily prescriptive, for the following reasons: 
 
a) The too precise composition limits of even the best-known aluminosilicate geopolymer 
require further exploration. Possible existence of other true geopolymer system based 
on phosphate (Phosphate and Silico-phosphate geopolymers) or borate tetrahedral units 
and organic-mineral geopolymers (Silicone and Humic-acid based geopolymers), with 
their own compositional requirements, would further complicate such a classification.  
b)  The possibility of in situ geopolymerization of mineral grains blurs the compositional 
distinction between the geopolymer matrix and the mineral filler, militating against 
classification of the former on the basis of chemical composition. 

• Definition on the basis of structure: Since the conventional geopolymers are X-ray 
amorphous materials consisting of randomly cross-linked tetrahedral units with built-in 
charge compensating mechanisms as necessary, these structural criteria and their retention 

                                                 
1 This terminology is proposed by Davidovits, but authors strongly recommend using of common mineralogical 
term, i.e. aluminosilicates, as a main component of the Earth’s crust. 
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to high temperatures seem to be useful concept, particularly since they can readily 
be monitored by solid state NMR. However, it must be borne in mind that only a part 
of the material may be geopolymeric, so the presence of crystalline components may not 
necessarily rule out geopolymerization. 
Geopolymers can be included to alkali activated cements that refer to any system that uses 

an alkali activator to initiate a reaction or a series of reactions (Figure 10) that will produce 
a material that possesses cementitious property (Figure 3). Alkali activated cement (AAC), 
alkali activated slag (AAS) and fly ash (AAFA), and geopolymers are all considered to be 
alkali activated cementitious systems, however, it is expected that the structures of these 
materials are vastly different as results from different chemical mechanistic paths. It is 
commonly acknowledged that calcium silicate hydrates (CSH) is the major binding phase 
in Portland cement (PC) [16,17] and alkali activated slags [18]. However, the binding 
property of geopolymers is generally assumed to be the result of the formation of a three-
dimensional amorphous aluminosilicate network [15,19-22].  

 

     
 

Fig. 3: SEM image of fracture surface and anniversary medal prepared from pure geopolymer based 
on metakaolin [23]. 

 
In terms of chemical composition, the major difference between geopolymers and 

Portland cement is in presence of calcium. It is important to note that calcium is not essential 
in any part of a basic geopolymeric structure. Given that CSH will be formed when soluble 
calcium and silicate species are present in a neutral to mild alkaline pH environment, it is 
thought that provided sufficient calcium is added to a geopolymeric system, a CSH based 
cementitious material may form instead [24]. Thus the amorphous microstructure of alkali 
activated aluminosilicates containing calcium is a combination of geopolymeric and CSH 
based structure elements [25].  

The most important practical property of these materials is that they are formed 
by condensing alumina and silica components under appropriate conditions (high pH and 
controlled water content [26]) at ambient temperatures, and thus constitute a group 
of inorganic materials with the high-temperature properties of ceramics but which, unlike 
ceramics, do not require high temperatures to attain their properties of durability and 
hardness [27]. The resulting energy-efficiency of these materials has attracted increasing 
interest in the world which is becoming more ecologically aware and unfavorably disposed 
towards energy-intensive and polluting industrial operations. 

Ideas of alkali treatment on silicates brings possibilities to rearrangement of structure 
during dissolution of raw material, improving transport properties of formed structure groups 
and formation of new structure by relatively slow hardening, which is supported 
by polymerization of silica acid (Figure 9) from solution and controlled by processes 
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on interphases of rising particles. Formation of material may be characterized by condensation 
reaction, where water is gradually excluded from new structure, a new 3D ordering is 
achieved. Transport of liquid water or vapor from core of particle or solid product through 
pores evokes retardation of  process of hardening and in next step this fact positively 
contribute to formation of  perfect  structure with required properties [12]. 

As has been mentioned, amphoteric behavior of silica and therefore sensitivity to pH are 
main conditions for reconstruction of structure with variety of stable localized tetrahedron 
of SiO4. It is evident that covalent bonds in fundamental unit (tetrahedron) play very 
important role in construction (stability) of structure and reconstruction processes of structure 
(kinetics). Both parameters are advantageous for production of stable structure. The big 
tetrahedral unit with low transport properties causes low mobility of particles, because 
viscosity of heterogeneous system allows systematical formation of required shape by slow 
rearrangement and rates of partial polymerization reactions are in agreement with rate 
of structure ordering process. These conditions are important for formation of structure with 
high mechanical parameters. Fortunately many natural raw materials (minerals, rocks) had 
been formed by similar processes. Task of principal rearrangement of micro and 
macrostructure from natural resources to stable process is possible by the formation 
of product from melt or by chemical processing.  

First of them predominantly possible in special working places and main problem is 
in preservation of dimensions of product and gradients of properties generated by cooling 
of system. Second one, chemical way supposed preparation of acceptable starting compounds 
or precursors and formation operation is managed at room temperature or conditions where 
volume changes do not play significant role.  

There are also two major drawbacks of ordinary Portland cement (OPC) binders that 
increase importance of development of materials such as geopolymers. (1) About 1.5 tones 
of natural mineral raw material is needed in the production of every ton of PC, at the same 
time, about one ton of carbon dioxide (CO2) is released into the environment during 
the production. Therefore, the production of PC is extremely resource and energy consuming 
process. (2) Concrete made of PC deteriorates when exposed to the severe environments, 
either under the normal or severe conditions. Cracking and chemical corrosion have 
significant influence on its service behavior, long term durability and safety [28].  

In the manufacture of cement, the CO2 is emitted from the calcination process 
of limestone, from combustion of fuels in the kiln, as well as from the power generation. 
Carbon dioxide emissions, largely a byproduct of energy generation and use, are the largest 
source of greenhouse gases associated with global warming. Cement production is the third 
largest cause of man-made carbon dioxide emissions [29]. The important demand is 
to increase the long-term durability of materials. Nature does not like high calcareous silicates 
or aluminates hydrates. The possibility of their carbonation, delayed ettringite formation and 
weak resistance to different kinds of chemical corrosion turns our attention on other materials.  

 
Table 2: The composition of the earth crust, Portland cement and some secondary raw materials. 
 
Material SiO2      Al2O3     Fe2O3 CaO Na2O MgO K2O SO3 
Earth crust 64 17 7 6 2 2 2 < 1 
Portland cement 16-26 4-8 2-5 59-67 1-4 0.5-1.5 0.5-1.5 < 0.5 
Blast furnace slag 28-38 8-24 1-3 30-50 1-20 0.2-1 0.5-3 1-3 
Siliceous fly ash 55 26 7 8 1 0.5 0.6 0.6 

 
The composition of the earth crust, Portland cement and some secondary raw materials 

(see Table 2 above) show the principal differences and forces us to the considerations about 
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the real long term durability of the contemporary concrete, when our ordinary Portland 
cement is in use only about 150 years. The new formations in PC concrete are mostly 
unstable: ettringite (AFt, trisulfate) is changing into AFm (monosulfate) and calcium sulfate 
(CS), the portlandite (CH), CSH gel and calcium aluminates undergo carbonation and 
sulfatation, the micropores and microcracks decrease the strengths and increase the water 
permeability etc. Therefore, the attention is focused on the preparation of long-term durable, 
high-performance composites [30]. 

 

 
Fig. 4: Schematic diagram showing some of the interrelationships between different technical and 
scientific aspects of geopolymer binder technology. Research in each of these areas is currently 

required and/or ongoing [31]. 
  
 Geopolymers are highly complex and as yet relatively poorly understood material and 
there are clearly many areas in which further work is required. This does not mean that 
geopolymer technology is insufficiently developed for some applications. This is particularly 
the case for non-load-bearing applications in the construction industry and niche fire-
resistance and refractory applications, where durability issues are more easily proven. 
The Figure 4 provides an outline of the areas in which research into physicochemical aspects 
of geopolymeric binders is currently focused [31]. 
 
26.2. Geopolymerization – alkali dissolution and polycondensation 

 
The copolymerization of the individual alumina and silica components that takes place 

when aluminosilicate source materials are dissolved at very high pH yields to amorphous 
“zeolitic precursors” which is also termed such as geopolymer [32,33]. A schematic of typical 
geochemical reactions associated with mineral polymer (polysialate) and geopolymer 
formation according to Davidovits is shown in Figure 5. 

 
561



)]([

)(
)(

)(42),(

)](),[(

3)(),()()(

][)()(3),(

3

2

3
/

222252

2
/

33

33
/

22252

siloxosialateOrtho

OH
OH
SiOAlOSiOHnOHnSiOnOAlOSi

sialatepolyKNa

OH

O

n

O

OlAOSiKNaOHAlOSiOHn

teOrthosialaOHAlOSiOHnOHnOAlOSi

KOHNaOH
n

n
KOHNaOH

KOHNaOH
n

−

−−−−−−⎯⎯⎯⎯ →⎯++

−

+−−−−−−⎯⎯⎯⎯ →⎯−−−−

−−−−⎯⎯⎯⎯ →⎯+

−

−−

−

 

Fig. 5: Scheme of geopolymerization reactions according to Davidovits [34]. 
 
 The exact reaction mechanism which explains the setting and hardening of alkali-activated 
binders is not yet quite understood, although it is thought to be dependent on the prime 
material as well as on the alkaline activator and curing conditions. It is assumed that the 
mechanism of alkali-activation is composed of conjoined reactions of destruction-
condensation. Process includes destruction of the prime material into low stable structural 
units, their interaction with coagulation structures and creation of condensation structures 
[35]. A schematic diagram of the chemical reaction sequence which takes place during 
formation of geopolymers is presented on Figure 6(a). This sequence is an extension 
of Faimon model [36].  
 

 
 

Fig. 6: The reaction sequence of geopolymerization (a) and aluminate weathering model according 
to Faimon (b) [36]. 

 
The Faimon model, as shown in Figure 6(b) allows for dissolution of a primary mineral 

into aluminate and silicate monomer association of these monomers via both addition and 
autocatalytic polymerization routes and formation of an undefined “secondary mineral” phase. 
Its extension to geopolymerization is relatively straightforward, requiring only: 

1) Incorporation of the effect of  silicate oligomerisation (species D) into the concentrated 
activator solutions; 

2) Deviation of oligomer (species O) stoichiometry from 2:1 to the Si/Al ratios with 
which geopolymers may be synthesized; 
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3) Identification of the secondary mineral product G as the amorphous aluminosilicate gel 
component of the geopolymeric binder; 

4) Inclusion of a second reaction direction by which the zeolitic phases (N and Z) 
observed in geopolymers are formed. The Z-type species have slightly higher content 
of Al than its amorphous counterparts, following the observation that the crystalline 
products of hydrothermal zeolite synthesis tend to be enriched in Al compared to their 
amorphous (gel or fly ash) precursor, and to the system as a whole. 

Including these effects into the Faimon model then yields to Figure 6. An additional 
reaction, draw as a gray arrow, shows the conversion of gel to zeolite over extend curing 
period [36]. 

 
Fig. 7: Crystallization temperature ranges for K2O-Al2O3-SiO2 system [2]. 

 
 Formation of zeolite nuclei requires the depolymerization of the geopolymer micelle in the 
hydrous aluminosilicate gel. The gel phase contains relatively large units of aluminosilicate 
macromolecules, the geopolymer micelle, with molecular weights from 100 000 to 500 000 
and ranging size from 10 to 20 nm. The time needed for crystallization varies from a few 
hours to several days. Ageing time at room temperature is 24 hours; crystallization time 
at 100 °C from 50 to 100 hours. For the K2O-Al2O3-SiO2 system, crystallization temperatures 
range from 150 to 230 °C [2]. 
 
26.2.1. Alkali dissolution of silica 

In Iller’s “The Chemistry of Silica” [37] is deeply analyzed the behavior of pure silica. 
Results of the rate of silica dissolution are important when the process of geopolymer 
manufacture is based on material containing SiO2 particles. Mechanism of dissolution 
is controlled by many factors, because dissolution is a depolymerization through hydrolysis 
and driving force defined by difference of solubility and actual concentration in solution. 
Solubility is concentration of Si(OH)4  reached in steady state in depolymerization – 
polymerization equilibrium. In agreement with Iller, the “catalyst” is a material that can be 
chemisorbed and coordination number of a silicon atom on the surface has increasing to more 
the four, thus weakening the oxygen bonds to the underlying silicon atoms. The hydroxyl ion 
is the unique catalyst in alkaline solutions and hydrofluoric acid in acid solutions.  

The structure of amorphous silica is of even more open arrangement than that 
of cristobalite, to which it is closely related. On the surface there are spaces between oxygen 
ions sufficiently large to accommodate hydroxyl ions. Such a surface then bears an ionic 
charge and silica is constantly being exchanged in equilibrium between solution and surface, 
as indicated.  The first step is the adsorption of OH- ion, after which a silicon atom goes into 
solution as a silicate ion. If the pH is much below to 11 the silicate ion hydrolyzes to soluble 
silica acid (Si(OH)4, monomer) and OH- ions and the process is repeated. 
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Fig. 8: Proposed mechanism of dissolution of silica in water in the presence of hydroxyl ions [37]. 

 
The relative rates of dissolution of different forms of silica at pH = 8.5 have been reported 

by Stöber (10 m2 in 500 ml volume) [37]: 
 

Table 3: Dissolution of different forms of silica. 
 

Type of silica Rate of dissolution 
[10-4g·ml-1·day-1] Type of silica Rate of dissolution 

[10-4g·ml-1·day-1] 
Fused glass (vitreous) 39.0 Tridymite 4.5 
Quartz 2.8 Coesite 0.7 
Cristobalite 6.0 Stishovite 11.0 

  
 In patent issued to Balthis [37] a method is described whereby a sample of deionized silica 
sol is put into an excess of 0.01 N NaOH solution at 30 °C and after 90 min samples are 
removed from the solution and amount of monomeric silica is determined by molybdate 
method. The rate related to A, the specific surface area of silica (in square meters per gram) 
determined by the following equation: 

(1)                                                  ( ) 3
2

1100 −−= y
dt
dyAKD   , 

where KD is a constant defined as the specific depolymerization rate for the particular type 
of silica, dy/dt is a rate of monomer formation per 100 min and y is the fraction of original 
silica converted to monomer at time t, in minutes. 

 

 
Fig. 9: Polymerization behavior of silica. In basic solution (B) particles in sol grow in size with 

decrease in numbers; in acid solution or in presence or flocculating salts (A), particles aggregate 
into three-dimensional networks and form gels [37]. 

 
The structure of silicate and polysilicate ions is still not well understood. In past solutions 

of alkali metal silicates obtained by dissolving sodium or potassium silicate glasses in water 
seemed to be clearly different from sols of colloidal silica stabilized with a minor amount 
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of alkali. Silica solutions were made by dissolving glasses with SiO2 :  Na2O  ratios (silicate 
modulus) less than  4:1. Since these glasses with more silica and less alkali can’t be dissolved, 
silica solutions of higher ratios were not available.  

The condensation polymerization involves an ionic mechanism. Above pH 2 the rate is 
proportional to the concentration of OH- ion and below 2 to the H+ ion. Succeeding steps 
in polymerization from monomer (monosilic acid) to large particles and gels have been 
represented schematically by Iller as in Figure 9. 

Rapid gelation of silicate solution upon adding acid appeared to support the idea that 
the gelling mechanism involved cross-linking of preexisting linear polymers is analogous 
to organic polymer systems. Thus developments in the theory of organic polymers, 
improperly applied to soluble silicates, may have delayed a correct interpretation of this 
inorganic system. Polymeric silicate species certainly occur in solution, but they are not 
highly linear, because of polymerization mechanism is entirely different from that of any 
organic system [37].  

 
26.2.2. Alkali dissolution of aluminosilicates 

Alkali activation of aluminosilicate materials represents a complex process that has not 
been described fully thus far. The reaction of aluminosilicate materials in a strong alkaline 
environment results, first of all, in a breakdown of Si-O-Si bonds; later, new phases arise and 
the mechanism of their formation seems to be a process that includes a solution as a first step 
(“synthesis via solution” or polycondensation). The penetration of Al atoms into the original 
Si-O-Si structure represents a substantial feature of this reaction. Aluminosilicate gels (zeolite 
precursors) are mostly formed. Their composition can be characterized by the general formula 
Mn[-(Si-O)z-Al-O]n·wH2O. The C-S-H and C-A-H phases may also be originated 
in dependence on the composition of the starting materials and the conditions of the reaction. 
During these (poly-condensation) reactions, secondary water is formed. 

 
Table 4: The extent of dissolution of sixteen minerals in terms of the concentration of Al or Si in 20 ml 
of solution after 5 hours of contact with 0.50 gram of mineral [40]. 
 

Mineral 
2N NaOH 2N KOH 5N NaOH 5N KOH 10N NaOH 10N KOH 

ppm 
Si  Al Si  Al Si  Al Si  Al Si  Al Si  Al 

Almandine 59,2 39,6 62,3 39,8 51 34,2 59 36 69,5 44,8 65 41,8 
Grossular 60,6 1,5 50,1 1,82 66 2,02 29 1,4 231 3,05 189,5 3,1 
Sillimanite 21,1 27,4 17 23,4 23,4 28,4 23,4 26,4 33,8 33,8 39,9 34,7 
Andalusite 31,5 33,3 30,2 32,6 31,2 33,2 34 33,6 42,5 43,8 37,1 39,3 
Kyanite 22,6 20,9 21,1 20,3 26,4 24,4 24,8 21,6 32,5 30,2 29,9 28,2 
Pumpellyite 30,6 14,9 31,1 14,5 19,8 11 29,4 13,7 41,3 20,9 38 18,8 
Spodumene 34,2 20,2 29,6 17,5 39,4 23,2 36,4 19,8 54 32 45,5 25,8 
Augite 59,3 19,8 53,1 20,9 164,8 74,4 83,4 38 215,5 133 236,5 135,5 
Lepidolite 36,8 25,1 32,5 22,5 34,4 24,4 37 24,2 42,2 29,4 37,3 27 
Illite 42,2 19,8 42 15,8 52 23,4 47 16,6 76 30,6 72,5 29 
Celsian 78 62,7 65,8 56,6 78,8 68,2 81,4 63,8 157,5 121 119 97 
Sodalite 68,5 13,6 82,1 38 101 37,2 141,2 41,2 78 88,5 30,1 246 
Hydroxyapophyllite 58,4 1,28 49,7 1,42 135 2,3 40,8 1 140 1,5 107,5 3 
Stilbite 116 45,9 98,7 32,9 122,8 44,4 124 44 615 201,5 491 165 
Heulandite 127 45,8 94,8 35 141,4 51,6 75 28,4 293 105 216 82,5 
Anorthite 86,2 36,2 69,5 29 79,6 36,6 71,2 30 156 73 131 61,5 

 
Amorphous (gel-like) or partially amorphous or crystalline substances may be originated 

in dependence on the character of starting raw materials and on the conditions of the reaction. 
The concentration of the solid matter and specific surface of the particles plays a substantial 
role in the process of alkali activation. Mostly crystalline zeolite-type products (analcime, 
hydro-sodalite and other) are formed in extremely diluted suspensions (w > 1…10). 
Therefore, the above process is used for the synthesis of man-made zeolites as this was 
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presented by numerous publications. Predominantly amorphous products are originated 
at higher concentrations of the solid phase in the suspension (w < 1) [38]. 

 Interesting data concerning the production of zeolites under different condition (pressure, 
temperature, concentrations) were presented by Koloušek [39]. Table 4 above [40] gives 
the extent of dissolution of sixteen minerals in terms of the concentration of Al or Si in 20 ml 
of solution after 5 hours of contact with 0.50 gram of finely dispersed mineral. The alkaline 
solutions contained NaOH or KOH at concentrations of 2 N, 5 N and 10 N. The following 
general trends can be observed from above mentioned Table 4: 

• Minerals dissolve easier with increasing concentrations of alkaline solution. 
• Minerals show a higher extent of dissolution in the NaOH than in the KOH solution 

of the same concentration, except for sodalite. 
• The concentrations of Si are higher than the corresponding Al, which could be caused 

partly by the higher content of Si than Al in the minerals, but also by the higher 
intrinsic extent of dissolution of Si than Al. 

• Si and Al appear to have synchro-dissolution behaviour in alkaline solution, which 
means that Si and Al could dissolve from the mineral surface in some linked form. 

• Minerals with framework structure possess a higher extent of dissolution than di-, 
ortho, ring, chain and sheet structures in both NaOH and KOH solutions. 

 
26.2.3. Geopolymer polycondensation 

As stated before, the process of geopolymerization starts with the dissolution of Al and Si 
from Al-Si materials in alkaline solution as hydrated reaction products with NaOH or KOH, 
hence forming the [Mx(AlO2)y(SiO2)z·nMOH·mH2O] gel. Subsequently, after a short time 
setting proceeds, next the gel is hardening into geopolymers. Consequently, an understanding 
of the extent of dissolution of natural Al-Si minerals is important for study and description 
of geopolymerization reactions. 

A matter requiring further consideration is the degree of constraint imposed upon 
a geopolymerizating system by its chemical composition. The original aluminosilicate 
composition were clearly defined and prescribed in terms of Al:Si ratios ranging from 1:1 
in poly(sialate), through 1:2 in poly(sialate-siloxo) to 1:3 in poly(sialate-disiloxo). Non-
integer ratios intermediate between 1:1 and 1:3 may therefore be envisaged as varying 
combinations of these basic units, provided the content of charge-balancing cations is correct, 
and as was found, the water content is controlled [41].  

 

 
 

Fig. 10: Proposed mechanism of dissolution and further condensation of aluminosilicate 
materials [40,42]. 

 
However, a rigorous exploration appears to be lacking as how far these compositions may 

range towards the pure alumina and/or silica end members. Further, if it is accepted that the 
structure contains only tetrahedral units, the question arises as to whether other well-known 
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tetrahedral glass-formers such as phosphate and borate may also be accepted into geopolymer 
family, with or without silicate. Normally, the possible chemical process for the dissolution 
of Al-Si minerals and silicates under strongly alkaline conditions can be expressed by reaction 
schemes are shown on the Figure 10 [42]. 

 
26.3. Raw materials 
 
 Raw (source) material used for geopolymers preparation may be defined as compound or 
mixture of more components which are able to enter in reaction process with water and 
especially with activator. The condition concerned the negative Gibbs energy of activation 
process is in principle fulfilled in most events because a reaction with relatively 
active/aggressive electrolyte is expected. For practical purposes deciding role play kinetics 
of process and therefore more important is the rate of activation process. 

 
Fig. 11: Typical composition of usual raw materials used for alkali activation (edited by author). 

 
 

Generally any material that contains mostly amorphous aluminosilicates is a possible 
source material for the manufacture of geopolymer. Several minerals and industrial by-
product materials have been investigated in the past. 

 
Table 5: Raw material for geopolymers. 
 

Raw materials 
Type Origin Approximate availability 

Granulated blast-furnace slag Iron metallurgy Very high 
Steel making slag Iron metallurgy High 

Foundry slag Foundry Medium 
Fluid-bed fly ash Energetics Very high 

High-temperature fly ash Energetics  Very high 
Metakaolin Calcined kaolin Medium 
Red mud Aluminum industry Low 

Mine wastes Natural minerals, soils High 
Note: Approximate availability:   - low (up to 50 000 t / year / Europe) 

- medium (50 000 – 1 000 000 t / year / Europe) 
- high (1 000 000 – 50 000 000 t / year / Europe) 
- very high (over 50 000 000 t / year / Europe) 
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Preparation of starting compounds must be focused on increasing of reaction by 

magnification of specific surface or partially defective or thermodynamically metastable 
volume structure. Second one may be represented e.g. by glass phase, where process 
of structure ordering had been stopped by high rate of cooling. Specific surface and volume 
energy of starting material are often main conditions for acceleration of activation process.  

As the starting natural material may be used phases based on thermal processes performed 
during volcanic activity (e.g. volcanic glass), industrial mineral phases from high temperature 
processes, where latent energy is conserved (difference between energy of actual state and 
equilibrium state e.g. energy of glass and crystal), energy of reaction anhydrous form 
and hydrate, carbonate etc (Table 5) as far as the reaction with water or carbon dioxide and 
activator does not converge to original raw material. 

 
26.4. Alkaline activators 
 
 Usually, caustic alkalis or alkaline salts are used as alkaline activators of alkali-activated 
cements and geopolymers (Table 6). Glukhovsky et al. [43] classified them into six groups 
according to their chemical compositions: 

1. caustic alkalis: MOH; 
2. non-silicate weak acid salts: M2CO3, M2SO3, M3PO4, MF, etc.; 
3. silicates: M2O.nSiO2; 
4. aluminates: M2O.nAl2O3; 
5. aluminosilicates: M2O.Al2O3.(2-6)SiO2; 
6. non-silicate strong acid salts: M2SO4. 

 Of all these activators, NaOH, Na2O.nSiO2, Na2CO3, Na2SO4 are the most widely available 
and economical chemicals. Some potassium compounds have been used in laboratory studies 
and in last years also in pilot production. However, their potential application is very limited 
due to their availability and costs. On the other hand, the properties of sodium and potassium 
compounds are very similar. The certain advantage of potassium activators is the lower 
tendency to form efflorescence. Intensification of the process of alkali activation is able 
through the high-shear mixing, bringing about chemical-mechanical activation in mixing the 
solid constituents with small amount of water. 

 
Table 6: Alkali-activators solutions [43]. 
 

Type Solution 
concentration Dosage Usual combination with 

MOH 50 % 1 – 7 % M2O/solid all 
M2CO3 Solid 3 – 10 % of solid MOH 
M2SO3 Solid 3 – 10 % of solid MOH 

M2O.nSiO2 35 % 5 – 15 % M2O/solid MOH 
M2O.nAl2O3 35 % 5 – 15 % M2O/solid MOH 

M2O.Al2O3.(2-6)SiO2 35 % 5 – 15 % M2O/solid MOH 
   
 The kinetics of blast furnace slag activation can be studied by calorimetric measurement 
(Figure 12(a)). Induction period isn’t influenced by increasing content of Na2O in the solution 
of alkaline activator, but setting time decreases significantly as well as amount of heat 
released during activation reaction. Because of the formation of geopolymeric structure 
proceeds via solution, the first step is to dissolve the basic aluminosilicates in the 15 – 20 M 
solutions of NaOH or KOH at ambient temperature. Then, water glass of the silicate modulus 
around 1.2 is added, keeping the content of Na2O within 3 - 8 % to the slag amount. 
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The polycondensation bringing about setting and hardening can be accelerated by increased 
temperature (Figure 12(b)). 

 
 

Fig. 12: Calorimetric measurement (a) - the effect of Na2O content (wt. %) in the solution of alkaline 
activator on the kinetic of granulated BFS activation and DSC analysis (b) of AAC (measured by 

authors in NTC, Pilsen). 
 
 The study by Fernandes-Jimenez [32] shows that alkaline activation of metakaolin and fly 
ash and metakaolin mixture (1:1) leads to formation of similar, but not identical alkaline 
aluminosilicates gels as the main products, and different types of zeolites (sodalite, zeolite A 
and faujasite) as by-products, in both cases. When the fly ash powder is mixed with a small 
volume of alkaline solution, a paste is formed which quickly transforms into harden solid. In 
such a situation, there is not sufficient time and space for the gel (product of reaction) to grow 
into a well-crystallized structure such as in the case of zeolites formation. The hypothetical 
evolution of this gel (zeolitic precursor) to form an orderly zeolitic crystal would entail 
depolymerization of gel structure. 

 
Fig. 13: Descriptive model for the alkali activation of fly ash [44]. 

 
 Figure 13 presents a descriptive model of the alkali activation of fly ash. The initial 
chemical attack at the point on the surface of a particle, which then expands into larger 
pore (b), exposing smaller particles, whether hollow or partially filled with other yet  smaller 
microparticles, to bi-directional alkaline attack: i.e., from the outside in and from the inside 
out. Consequently, reaction product is generated both inside and outside the shell 
of the sphere, until the ash particle is completely or almost completely consumed (c). 
The mechanism involved at this stage of the reaction is dissolution. At the same time, as the 
alkaline solution penetrates and contact the smaller particles inside the larger spheres, 
the interior space of the latter starts to fill up with reaction product, forming a dense matrix. 
 One of the consequences of the massive precipitation of reaction products is that a layer 
of these products covers certain portion of the smaller particles. This crust prevents their 
further contact with the alkaline medium (e). Ongoing reactions within the bulk of the matrix 
consolidate such crusts, with the concomitant effect on the pH gradient across the fly ash 
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reaction product. As alkaline activation continues, the unreacted fly ash under reaction 
product may not be affected by the very high pH of the activator solution, thereby reducing 
the reaction rate. In this case, activation is governed by a diffusion mechanism [44]. 
 The influence of Cs and Sr hydroxides, carbonates (weak acid salt) and nitrates (strong 
acid salts) onto geopolymerization kinetic was studied by J. L. Provis at al. [45]. Each of the 
six compounds has a different effect on the early stages of geopolymerization. CsOH is 
particularly enhancing dissolution of metakaolin and accelerating gel formation. Sr(NO3)2 
causes a very marked disruption to the development of the geopolymer gel network, while 
Sr(OH)2 due to removing of water from the already water-poor geopolymerization process. 
Soluble or sparingly soluble strontium salts tend to be converted to SrCO3 by atmospheric 
carbonation as geopolymerization proceeds. No crystalline reaction products, other than 
NaNO3 in the nitrate containing system, are observed during formation of Cs-containing 
geopolymer that indicates that Cs+ cations are chemically incorporated within the geopolymer 
binder.  
 There was observed that the optimum mixing order for alkali-activated binders is as 
follows: first, the solid constituents are mixed, and then the activator solution is added and 
thoroughly mixed with the solids. This procedure was confirmed on alkali-activation 
of metakaolin and blast furnace slag [26,46,47]. 
 Several models have been proposed to describe the hydration kinetic of Portland cement. 
All of them assume that cement particles are spherical although they are actually very 
irregular. Jander proposed an equation for solid-state sintering diffusion controlled 
by diffusion: 

( [ ] ) Kty
n

=−− 3/111  , (2)                                                       
 
where y is degree of conversion, K is reaction constant, t is reaction time and n is reaction 
grade. The reaction grade takes the value n ≤ 1, 1< n ≤ 2 and n ≥ 2 for process limited by 
surface reaction, diffusion through layer of porous and dense reaction product, respectively. 
Ginstling and Brounstein proposed an equation when the thickness of the d diffusion layer 
on cement particles is considered [58]: 

(3)                                           [ ]( ) [ ]( ) Ktyy =−−−−−
33/13/1 11

3
211  . 

 
 Kinetic of hydration of alkali-activated slag (AAS) have been for different temperatures 
studied by Fernández-Jiménez and Puertas [48]. Water glass (4 % wt.) with silica module 1.5 
was used as alkaline activator for the blast furnace slag (BFS). The value of  y was determined 
from heat of hydration after the induction period: y = Qt/Qmax, where Qt and Qmax is total heat 
at general time t and maximum released heat when hydration is completed. It was found that 
reaction mechanism can be satisfactory described by Jander equation, i.e. D3 morphologic 
model. It means that hydration kinetic is limited by steady-state diffusion through layer 
of porous hydration products. Activation energy was determined by logarithmic form 
of Arrhenius equation to the 57.6 kJ·mol-1. Similar value (53.6 kJ·mol-1) was found by 
Huanhai at al. [49]. 
 
26.5. Physical and mechanical properties of geopolymers 
 
26.5.1. Strength and its development 
 In addition to the factors which affect the strength development of Portland cement, 
the nature and the dosage of activators play a crucial role in determining the strength of alkali-
activated geopolymer. Many results confirm that alkaline activators demonstrate selectivity;  
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Fig. 14: The effect of the silicate modulus of water 
glass on strength development of alkali-activated phosphorus slag cement pastes [53] 
Fig. 15: Drying shrinkage of portland cement concrete, sodium silicate-activated slag cement concrete 
and sodium hydroxide-sodium carbonate-activated slag cement concrete [59]. 

. 
i.e., the effect that an activator has on strength development may be different for slags 
of different origins. It is reported that Na2CO3 is especially suitable for slags rich in C2MS, 
and NaOH is a effective activator for slags rich in C2AS.  
 Krivenko [50] examined the activation of CaO-SiO2, CaO-Al2O3, CaO-Al2O3-SiO2, CaO-
MgO-SiO2 and CaO-Al2O3-MgO-SiO2 systems with NaOH, Na2CO3 and NaO.SiO2. It was 
found that NaO.SiO2 is the most effective for CaO-SiO2, CaO-Al2O3, CaO-Al2O3-SiO2 and 
CaO-MgO-SiO2 systems, and Na2CO3 is effective for CaO-Al2O3 system. Many researchers 
have confirmed that water glass is a very effective activator. Variation of chemical 
composition among different blast furnace slags results in different hydration products for a 
given activator, which is the main reason for the selectivity [51,52]. 
 Many studies have confirmed that the silicate modulus of the water glass has a significant 
effect on the properties of alkali-activated slag cements. Following Figure 14 shows the effect 
of the modulus of water glass on compressive strength development of alkali-activated 
phosphorus slag cement pastes [53]. From 3 to 90 days, NaOH-activated phosphorus slag 
always shows a lower strength than that of Na2O·0.5SiO2-activated slag. The silicate modulus 
does not show an obvious effect on strength as it increases from 0.5 to 1.5. However, 
the strength decreases almost linearly with the increase of modulus from 1.5 to 2.5 between 
3 and 28 days. Based on the strength results, it can be concluded that the optimum modulus 
for the slag is around 1.0 to 1.5. 
 Wang et al. [54] investigated the activation of acidic, neutral and basic blast furnace slags 
with water glass having different silicate module. Based on the strength at 28 days, 
the optimum modulus for the acidic slag was around 1.0 for the neutral slag, and around 1.25 
for the basic slag, respectively. Those slight differences are not surprising since slag has 
certain selectivity for activators as discussed above. Malolepszy and Nocun-Wczelik [55] 
found that both compressive and flexural strengths of sodium silicate activated slag cement 
mortars decreased with the modulus as it increased from 1 to 2.5. The strength differences for 
mortars cured at room temperature were more obvious than those cured at elevated 
temperature.  
 Bakharev et al. [56] found that the modulus of water glass did not show a distinct effect on 
strength at early ages at room temperature, but the highest strength was achieved when the 
modulus of the water glass was around 1.25, regardless of the activator dosage. Shi and Li 
[53] attributed the optimum modulus phenomena to the formation of "primary C-S-H" and/or 
polymerization of silicate anions in the water glass, which promotes the hydration of slag and 
the formation of less porous structure. 
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26.5.2. Modulus of elasticity and its development 
When a load is applied to a concrete material, it always deforms. The deformation is 

called strain. Stress-strain relationship is very important in structural design. Concrete, like 
many other construction materials show elastic behavior only to certain degree. Strictly 
speaking, the Young’s modulus of elasticity is only applied to the straight part of stress-strain 
curve. The tangent to the curve at the origin is called initial tangent modulus. The deformation 
occurring during loading is elastic and the sequent increase in strain is regarded as creep. 
The secant modulus is a static modulus.  

The stress-strain relationship of Portland cement and AAC-concrete show no obvious 
difference (Figure 15(a)) [58].  

 

 
Fig. 16: Stress-strain curves of AAC-concrete and Portland cement concrete [58] (a) and predicted 

and test stress-strain behavior of geopolymer concrete (b) [2]. 
 
Thus, secant modulus of elasticity (εc) of AAC-concrete can be estimated from 

the compressive strength of the conventional Portland cement concrete. The American 
Concrete Institute (ACI) Committee 318 and 363 has recommended the following expressions 
to calculate the modulus of elasticity from compressive strength (fcm) [58,2]: 

 
(4)                                                 [ ]GPafcmc ⋅= 73,4ε  ; 
 
(5)                                           ][69003320 MPafcmc +⋅=ε . 

 
The Australian Standard AS3600 recommends equation able to calculate the value of the 

modulus of elasticity within an error of ± 20 % [2]: 

(6)                                        ( ) ][12,0024,02
3

MPafx cmc += ρε  ; 
 

where ρ is the unit-weight of concrete in kg·m-3. 
As mentioned above, the elastic properties of hardened geopolymers and the behavior and 

strength of structural members are similar to those of Portland cement concrete. Therefore, the 
design provisions in the current standards and codes may be used to design fly ash-based 
geopolymer concrete members [10]. The stress-strain relation of Portland cement concrete has 
form (according to Collins) [2]: 

(7)                                            nk

cm

ccm

c
cmc

n

nf
⎟
⎠
⎞⎜

⎝
⎛+−

=

ε
εε

εσ
1

 ; 

 
572



where: fcm is peak stress; εcm is strain at peak stress; n = 0.8 + (fcm/17); k = 0.67 + (fcm/62) 
when εc/εcm > 1 and k = 1.0 when εc/εcm ≤ 1.  
 The equation can by apply to both normal and high strength Portland cement concrete. 
Figure 15(b) shows a typical stress-strain curve of geopolymer concrete.Aitcin and Mehta 
[57] reported Young’s modulus values of 31.7 GPa and 33.8 GPa when fcm =84.8 MPa and 
88.6 MPa, respectively. These values are similar to those measured for geopolymer concrete 
reported in [58]. 
  
26.5.3. Volume changes 
 The nature and amount of activator is one of the most important factors determining 
the properties of alkali-activated slag cements and concrete. Of course, it will have 
a significant effect on the drying volume changes of alkali-activated slag cement and 
concrete. Following figure shows the drying shrinkage of Portland cement concrete, sodium 
silicate-activated slag cement concrete and sodium hydroxide-sodium carbonate-activated 
slag cement concrete. Those specimens were cured in water during the first seven days and 
showed some expansion. Once they were exposed to drying, sodium silicate-activated slag 
cement concrete displayed considerably higher dry shrinkage than the OPC concrete. 
 The drying shrinkage of sodium hydroxide-sodium carbonate-activated slag cement 
concrete was similar to that of Portland cement concrete up to 56 days, but became 
significantly higher than that of Portland cement concrete between 56 and 112 days. Thus, it 
is important to measure the long-term drying shrinkage of the concrete. It was found that 
lignosulphonate-based admixture caused a slight reduction in shrinkage, while naphthalene-
based superplasticiser significantly increased the shrinkage and reduced the strength of alkali-
activated slag cement concrete. Air entraining and shrinkage reducing admixtures, as well as 
gypsum (6 %) were effective in reducing shrinkage of alkali-activated slag cement concrete. 

The drying shrinkage of alkali-activated slag cement concrete with different amounts 
of sodium silicate with a ratio of 1.47 was investigated [58]. Test showed that, after seven 
days of water curing, there were no obvious differences for the drying shrinkage of those 
alkali-activated slag cement concretes containing different amounts of sodium silicate. 
However, those drying shrinkages were obviously higher than Portland cement concrete or 
Portland slag cement concrete with equivalent water-to-cementing materials ratio and 
workability [59,58]. Drying shrinkage is caused by the loss of evaporable water. It is 
generally agreed that there are at least four phenomena involved in the drying shrinkage of the 
cement paste: capillary stress, disjoining pressure, changes in surface free energy and 
movement on interlayer water.   
 Collins and Sanjayan [60] examined the relationship between pore size distribution and 
drying shrinkage. They noticed that although AASC showed a less porous structure and lost 
less mass than Portland cement concrete during drying, the former had greater shrinkage than 
the latter. The drying shrinkage behavior of concrete materials can be described by the pore 
size distribution and thermodynamic behavior of water in the pores. Pore size distribution can 
be characterized by rs, which is defined as the radius of the pores where the meniscus forms; 
i.e., the pores whose radii are smaller than rs, are assumed to be filled with liquid water while 
pores larger than this are dry. As the drying progresses, the parameter rs would decrease. 
The smaller the pore size is, the larger the capillary tensile forces set up at the meniscus, 
hence higher the resulting shrinkage.  
 
26.5.4. Influence of curing condition 

Although low-calcium fly ash-based geopolymer concrete can by cured in ambient 
conditions, heat-curing is generally recommended. Important factors that influence 
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the properties of hardened fly ash-based geopolymer concrete are the curing temperature 
and the curing time. Both curing time and curing temperature influence the compressive and 
flexural strength of geopolymer concrete (Figure 17) [2,58,61]. Higher curing temperature 
leads to the higher compressive strength. In fly ash-based geopolymer concrete, it’s believed 
that the curing temperature and the curing time play significant roles not only as accelerators 
of chemical reaction, but also determine the extent of the reaction in question [10]. As the 
curing temperature in the range of 30 °C to 90 °C increasing, the compressive strength of fly 
ash-based geopolymer concrete has increasing too [58]. 
 Curing temperature increase seems to affect the development of the strength more at early 
ages. Higher curing temperature accelerates the slag alkali-activation process, but as reaction 
time increases at later ages, the curing temperature increment has a negative effect and leads 
to decrease of final strength values. The explanation for this phenomenon is based in the 
formation of a large amount of reaction product and a more heterogeneous distribution of the 
product at early ages in these mixes cured at higher temperature, with subsequent paste 
densification a microstructure modification. So, as reaction time increases, diffusion processes 
are more difficult to develop and the following reaction occur slowly [61]. 

 

 
 

Fig. 17: Effect of curing time (A) and temperature (B) on compressive strength of geopolymer concrete 
[2]. 
26.6. Geopolymers durability 
 
26.6.1. Temperature durability 
 The geopolymeric AAFA material exposed to the effect of high temperatures loses 
a substantial part of its strength which dropped to 40 percent of its original value. The loss 
of compressive strength becomes already obvious at a temperature around 250 °C, the heating 
at higher temperatures does not practically affect this parameter. The minimal values 
of the residual compressive strength were observed in the temperature range of 600 to 700 °C; 
they were caused by the occurrence of the melt that began to form. The values of compressive 
strength (measured on cold samples after their firing) of AAFA materials subjected 
to the effect of higher temperatures showed a growing tendency; however, this behavior is due 
to the solidifying melt. Nevertheless, the residual strength of AAFA bodies after their heat 
treatment is relatively higher than that of the materials on the basis of Portland cement [3]. 
 Concrete strength tests showed that geopolymeric coatings based on metakaolin are 
effective thermal barriers that can be used to protect concrete from high temperature 
environments. They exhibit better thermal stability than PC concrete up to 1000 °C, which 
make them perfect candidates for this application. Although the difference in compressive 
strength between samples coated with geopolymers of Si/Al ratios between 2 and 6 seems 
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to be minimal, it is important to point out that the samples with higher Si/Al ratio presented 
minimal deterioration and absence of cracks besides providing a stronger bond to the concrete 
substrate which will allow it to retain its insulation properties at higher temperatures or longer 
periods of time. We believe that this difference will be greater at higher temperatures 
for longer times. 
  The original aluminosilicate geopolymers, for example those formed by reaction 
of dehydroxylated kaolin with sodium silicate at high pH, are initially X-ray amorphous and 
remain so throughout the curing and drying process [41]. The long-term durability of this 
amorphous structure depends first on the temperature and time of curing. Alkali-activated slag 
concrete, is different from geopolymers based of metakaolin by the content of calcium, looses 
up to 90 % of its initial strength when heated at 1000 °C. The strength decrease is connected 
with its structure partially consisting of CSH gel phase that undergoes dehydration during the 
thermal treatment. Further heating on 1200 °C leads to consequent strength increase caused 
by melting of dehydrated CSH phase that creates new compact binder [63,64]. 
 

 
 

Fig. 18: Specific flexural strength versus materials cost and maximum temperature capability [62]. 
 
26.6.2. Carbonation 
 Carbonation refers to the reaction of hydrated cement with carbon dioxide in the 
environment. All the cement hydration products can react with carbon dioxide to form 
calcium carbonate and other products. Moisture is an important factor in carbonation. 
Carbonation does not proceed in dry cement paste or cement paste at 100 % relative humidity. 
The optimum condition of carbonation appears to be around 50 % relative humidity [58]. 
Carbonation of concrete reduces the pH of the material from original > 13 down to about 8, 
which destroys the passivation and induces the corrosion of steel reinforcement in the 
concrete. Also, carbonation is usually accompanied with a shrinkage, which may produce 
cracking or surface deterioration of concrete. 
 The carbonation of alkali-activated slag cement concrete in 0.352 M sodium bicarbonate 
(NaHCO3) solution and in an atmosphere containing 20 % CO2 at 70 % relative humidity was 
studied [65]. NaHCO3 solution was used to simulate carbonated ground water. A conventional 
PC concrete with the same water-to-binder ratio and similar strength at 28 days was used for 
comparison purpose. Both strength and carbonated depth were measured and plotted in 
following Figure 19. It was found that the strength of both alkali-activated slag cement 
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concrete and Portland cement concrete increased with time, but lower than that of those 
immersed in water. The difference between the two alkali-activated slag cement concrete was 
about 10 %, but was only about 4 % for the Portland cement concrete.  
  After 12 months of immersion in the sodium bicarbonate solution, the alkali-activated 
slag concrete showed a carbonated depth of 20 mm, and Portland cement concrete a depth 
of 12 mm. A soft surface could be observed on those carbonated specimens in the solution. 
The differences between the two concrete can be attributed to the difference in products in the 
two kinds of concrete before and after carbonation Figure 19. 
 

 
 

Fig. 19: Carbonation depth of Portland cement concrete and alkali activated slag concrete immersed 
in sodium bicarbonate solution [65]. 

 
 It is well known that the main hydration product of alkali-activated slag is C-S-H with 
a low Ca/Si ratio and geopolymeric structure of polycondensed Al and Si tetrahedrons. 
The carbonation of C-S-H can be expressed as follows: 
 
(8)                              C-S-H + CO3

2- → CaCO3 + XSiO2.nH2O + 2 OH- 
 
 Fully hydrated Portland cement pastes, consist roughly of 70 % C-S-H with a high Ca/Si 
ratio, 20 % Ca(OH)2, 7 % AFt and 3 % AFm. The carbonation of Ca(OH)2 is a solid volume 
increase process: 
(9)                                       Ca(OH)2 + CO3

2- → CaCO3 + 2 OH- 
 
 Carbonation did not show a distinct effect on the strength of Portland cement concrete, 
but carbonated alkali-activated slag cement concrete showed a lower strength as compared 
with the reference concrete. The fast carbonation of alkali-activated slag cement concrete may 
be attributed to the formation of cracks due to both drying and carbonation during 
the carbonation test [56]. 
 As discussed above, hydrated alkali-activated slag pastes consist mainly of C-S-H with 
a low Ca/Si ratio and contain almost no crystallized compounds. Under such drying condition, 
it can be expected that the drying shrinkage of alkali-activated slag pastes is very large as 
reported previously. Actually, cracking is often observed under scanning electronic 
microscope in hardened alkali-activated cement and concrete due to drying, which results 
in fast carbonation, especially at lower relative humidity. Hardened non-crystalline 
geopolymers are considered to be precursors of zeolites, which can be prepared from the same 
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starting material, especially at high temperatures and/or pressures [39]. To test the real very 
long term durability of geopolymeric material prepared by activation of mineral components – 
pozzolans is not easy to imitate, but their transformation into crystalline phases during several 
centuries can be expected. At present, different accelerated test are developed [38,25]. 
 
26.6.3. Resistance to chloride penetration 
 The alkali activated fly ash materials kept in NaCl solution for long periods of time is 
resistant to the corrosion and does not exhibit any sign of deterioration. The values 
of compressive strength of AAFA geopolymer materials exposed to the NaCl solution 
increased over the whole period of measurement (720 days) and achieved as much as 70 MPa. 
The mass of samples kept in the NaCl solution increased during the 1st year by about 3 rel. % 
and remained stable afterwards. The penetration of chloride ions into the AAFA body 
(measured perpendicularly in the direction from the surface in contact with the chloride 
solution) showed a decreasing tendency and the chloride concentration in the body was low.  
 The penetration of chloride ions was greater than that of sulfates, which is probably due to 
the smaller size of chloride ions. Practically no corrosion products were observed 
on the surface of AAFA geopolymer materials kept in the NaCl solution. No new crystalline 
phases formed when the AAFA materials were kept in Na2SO4 and NaCl solutions. 
The resistance of AAFA materials to salt solutions is very good as compared with that of the 
Portland cement-based concrete in which crystalline ettringite or the Friedel salt is formed 
thus giving rise to the body disintegration due to the crystallization force [3]. 
 
26.6.4. Resistance to chemical attack 
 The deterioration of geopolymer materials in acidic media brings about consequent 
depolymerization of aluminosilicate polymers and liberation of silicic acid, replacement 
of Na+ and K+ cations by hydrogen or oxonium ion and delamination of the alumosilicate 
structure. It is also connected to condensation of siliceous polymers and zeolites, which in 
some cases lead to a significant loss of strength. In acidic environment, high-performance 
geopolymer materials deteriorate with the formation of microcracks in amorphous polymer 
matrix, while low performance geopolymers deteriorate due to crystallization of zeolites and 
formation of fragile grainy structures. 

 To understand the process that takes place in the geopolymer materials immersed 
in the acidic solution, let us start with the reactions that occur in the materials before 
immersion. The possible chemical processes of dissolution of the starting materials and 
condensation of silicate and aluminate monomers can be represented by the following 
reaction scheme [6]: 

 

(10)                           

OO        OO          OO            OO  

SSii     AAll--      SSii            AAll--  

NNaa++                      NNaa++  

++ 22 HH++ 22 NNaa++ ++ 

OO    OO      OO         OO 

SSii   AAll--   SSii         AAll-- 

HH++             HH++ 

 
 
Interaction of geopolymers with the acid solutions can also cause replacement of the 

exchangeable cations (Na+, K+) in polymers by hydrogen or oxonium ions [66]. However, 
treatment of a geopolymer with a strong acid may result in a direct attack on the 
aluminosilicate framework and dealumination. This attack will cause breakage of the Si–O–
Al bonds, increased number of Si–OH and Al–OH groups and increased amount of silicic acid 
ions and [Si2O5]2- in solution. Therefore, this process leads to a mass loss of the geopolymer 
materials. Polymer structures with a Si/Al ratio of 1 are more subject to the attack by the acid 
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than more siliceous polymers. Acid consumption for the complete matrix destruction 
of Portland cement and alkali-activated slag cement is listed in Table 7.   

 
Table 7: Amount of acid required for complete matrix destruction of cementing material [58]. 
 
Corrosion media pH Consumed acid (mmol of acid/ g of dry hardened paste) 

Portland cement Alkali-activated slag cement 
HNO3 3 19 25 
CH3COOH 160 360 
CH3COOH 5 21 12 

 
Stability of geopolymeric materials in aggressive environment depends on the intrinsic 

ordering present within aluminosilicate gel. More crystalline geopolymer material prepared 
with sodium hydroxide was more stable in the aggressive environment of sulfuric and acetic 
acid solutions than amorphous geopolymers prepared with the sodium silicate activator. 
The chemical instability would also depend on the presence of the active sites 
on the aluminosilicate gel surface, which appeared to increase in the presence of K+ ions. 
Instability of strength in some geopolymers must be taken into account in their use as 
a construction material, and careful consideration should be given to this aspect [67]. 

 
26.6.5. Frost – thaw resistance 
 The frost resistance of concrete is of considerable importance in areas where freezing 
happens. The moisture in concrete will freeze when concrete is cooled to certain temperatures. 
Due to the capillary effect, water in capillary pores is freezing at a lower temperature than 
bulk water [58]: 

(11)                                                      
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where: T0 is normal freezing temperature (273.15 K) of water; T is freezing temperature in a 
capillary pores with a radius r; vf is molar volume (18.018·10-6 m3·mol-1); σf is surface tension 
of water (75.62·10-3 N·m-1); q is latent heat of fusion of water (6017 J·mol-1). 

 The mass of the samples did not change (no body disintegration occurred) during 
the freezing and thawing cycles in aqueous environment. The values of the compressive 
strength of samples were smaller after thawing cycles as compared with the values obtained 
for the samples after 28 days without any frost resistance testing. No damage or deformation 
could be detected after 150 cycles. The strength of the samples after 150 freezing cycles 
dropped to about 70 percent of that determined in standard samples after the same period 
of time [3]. It is obvious from the results obtained that the geopolymers materials on the basis 
of the fly ash possess an excellent frost resistance [68]. 

The deformation of alkali-activated slag cement pastes during freezing is different from that 
of Portland cement, which may by attributed to different electrolyte in their pore solution. 
The solution in capillary pores of Portland cement pastes freezes spasmodically and the 
meniscus disappears, whereas the solution in capillary pores of alkali-activated slag cement 
paste freezes gradually and the meniscus remains during freezing. Furthermore is freezing 
point of the pore solution affected by the nature of alkaline activator. For example potassium 
carbonate eutectic mixture show freezing point – 36 °C, while sodium carbonate only –2.1 °C.  

The other reason for the lower freezing point of alkali activated slag cement pastes, 
compared with Portland cement pastes, could be attributed to the difference in their pore 
structure. Alkali-activated cement pastes contain more gel pores while Portland cement pastes 
contain more capillary pores for given water-to-cement or water-to-slag ratio. Like Portland 
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cement concrete, the frost resistance of alkali-activated slag cement concretes, to a great 
extend, depends upon the pore solution chemistry, freezing rate a curing condition [58].  

 
26.7. Some examples of utilization of geopolymers 
 

Alkali activated cements have found a variety of applications, particularly since the 1970s, 
such as agricultural, industrial, residential, transportation (e.q. railway), mining, breakwater, 
various high volume applications, oil well cements and water stop or sealing applications. 
There appears to be much evidence for including alkali-activated cements among those used 
to generate high performance. Some applications are summarized in Table 8 [13], but many 
other possible applications of geopolymer, such as fiber composites, foam and ceramic..., was 
described in literature [2,58,69].  

 
Table 8: Applications of alkali-activated cements [13]. 
 

 Roads Agriculture Industrial Residential Mining Hydraulic 
Construction Heavy-duty 

pavements cast in 
situ and pre-cast; 
reinforced 

Cast in situ and 
pre-cast concrete; 
storage 

Acid-resistant 
buildings; garages 
floor slabs; self 
computing floors; 
foundations; waste 
water tubes;  fire 
resistant materials;  
isolations; 

Pre-cast and in situ 
concrete buildings; 
slabs; foundations; 
tiles; fire resistant 
applications; 
isolations; 

Oil well grouts; 
sealing; prevent 
water penetrations 

Irrigation systems; 
break waters 

Nonconstruction Waste 
immobilization 

 Bodies of machine 
tools 

Dies; molds  Linings 

 
Utilization of geopolymers such as alternative to Portland cement concrete having 

increasing importance and extension is based on thirty years of R&D and on experiences with 
first buildings and elements produced as soon as in seventieth. First multi-storey house was 
built in Lipeck (Russia), later irrigation ditches, concrete blocks, wall panels, slabs, 
pavements, railway sleepers, tiles etc. have been produced in Ukraine, China, Finland, Poland, 
Romania and in Czechoslovakia. Very promising is the use of geopolymers in architecture 
and sculpture. Advanced production is developed also in France, Australia and in Spain. 
Increasing utilization of geopolymers possessing ion-exchanging properties is in immobilizing 
of potentially toxic elements. One of the main advantages is the possibility to use industrial 
secondary raw mineral products (slag, fly ashes…) – aluminosilicates possessing pozzolanic 
properties, which save mineral resources and contribute to the reduction of carbon dioxide 
emissions. 

Geopolymers are relatively new types of inorganic binder for the production of building 
materials, which can partly substitute of Portland cement used nowadays for these purposes. 
Application of geopolymeric binder is also favorable from ecological point of view, because 
of considerably lower amount of carbon dioxide formed during production of geopolymeric 
binder in comparison with Portland cement, which contributes substantially to the amount 
of greenhouse gases in atmosphere. One of main restrictive factor for spreading geopolymers 
is the cost of raw materials (metakaolin, hydroxides and silicates of alkali metals). 
As a possible way how to reduce the price of geopolymeric binder is a utilization 
of secondary raw materials, e.g. fly ash, slag or low-quality natural aluminosilicates. In case 
of these raw materials, the chemical and mineralogical composition of geopolymer can be 
very different. 

Geopolymers have been frequently suggested as a material suitable for stabilization/ 
solidification (S/S) hazardous wastes containing heavy metals. In immobilization 
of potentially toxic elements, a geopolymer system works similarly to cement binders in terms 
of encapsulation, exhibit improved chemical and physical properties, such as structural 
integrity, low permeability, high compressive strength and long term durability. 
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Low permeability is the property that favors the use of these materials as immobilization 
systems for hazardous metals. The mechanisms of encapsulation are believed to be either 
physical or chemical nature, where metals are taken into the geopolymer network and 
possibly bound into the structure for charge balancing roles or remain physically trapped by 
surrounding network. There was found that fly ash-based geopolymer systems show improved 
immobilization of heavy metals in S/S solids. The results of many studies tested on wastes 
containing many different heavy metals, such as Cr6+, Cr3+, Cd2+, Cu2+, Pb2+, Zn2+ and other, 
show that these elements can be effectively immobilized in the geopolymeric matrices. 
However, many of the exact details of the processes by which heavy metals cations are 
incorporated into the geopolymer structure are not yet fully explained [70-72]. 

The resistance of heavy metals containing geopolymers to leaching in different 
environments depends very strongly on both nature of the heavy metal and the aggressive 
components of the leaching solution [71]. The leachate pH is one of the most important 
variables for the immobilization of many metals [70]. Geopolymers have ability to reduce the 
leaching rate of heavy metals, particularly at high pH. Leaching behavior of Cd, Cu, Pb and 
Cr indicates that the concentration of alkali activators influence distinctly immobilization 
efficiency. Alkali activators concentration has greater influence on Cu and Cd than Pb and Cr. 
Encapsulation efficiency of Cd and Cu is enhanced in early curing time at high pH than that 
of at low pH. Moreover, immobilization of Cu within fly ash-based geopolymers was not as 
effective due to increased lability of Cu precipitates. The Cr and Pb show better 
immobilization efficiency which isn’t obviously influenced by pH [34,72].  

It was found, that mechanism of immobilization of Pb and Cu not only involves a physical 
encapsulation mechanism, but the formation of a new phases through the reaction of the 
insoluble Pb or Cu  compounds with Al- and Si- species dissolved from the aluminosilicate 
source. Moreover, the immobilization mechanism of Pb is directly affected by the extractable 
cations from the Al source, while the physical characteristics (suspension viscosity and final 
compressive strength) of the Al source largely control the immobilization of Cu [34]. 

 
26.8. Conclusion 
 

To increase the productivity of material, it is necessary to prevent wasting. The utilization 
of mineral “wastes” is demanded, solving economical and ecological problems at the same 
time. In fact, many thus far neglected and dumped industrial by-products are very good 
material possessing different important properties useful for further production activities. 
The necessity to decrease considerably the CO2 emissions in the 21st century will lead 
to the broader production of binders and concrete – geopolymers of different composition and 
properties, enlarging the assortment of binders and concrete, based thus far primarily 
on Portland cement. The production of geopolymers from different aluminosilicates 
at ambient temperature, their dense amorphous micro(nano)structure and resistance 
to chemical corrosion predestinates geopolymer as very important, ecologically favorable 
material for the 21st century in many branches of the building industry. 
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Shortcuts and symbols index: 
A – Specific surface area NMR – Nuclear Magnetic Resonance 
AAC – Alkali-Activated Cement OPC – Ordinary Portland Cement 
AAFA – Alkali-Activated Fly Ash PC  – Portland cement 
AAS – Alkali-Activated Slag Q – Heat released during hydration 
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AASC – Alkali-Activated Slag Cement q – Latent heat of fusion of water 
ACI – American Concrete Institute rs – Pore radius 
AFm – Monosulphate S/S  – Stabilization or Solidification 
AFt – Ettringite, Trisulphate SEM – Scanning Electron Microscopy 
BFS – Blast Furnace Slag T – Temperature 
CH  – Portlandite t – Time 
CS – Calcium Sulfate vf – Molar volume of water 
CSH – Calcium Silicate Hydrate y – Degree of reaction 
fcm – Compressive strength εc – Modulus of elasticity 
K – Reaction constant εcm – Strain at fcm 
KD  – Depolymerization rate constant ρ – Unit weight 
N  – Reaction grade σf  – Surface tension of water 
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27. APPLICATION OF SCANNING TRANSITIOMETRY IN 
PETROLEUM INDUSTRY AND IN POLYMER AND                     

FOOD SCIENCES 

 
Jean-Pierre E. Grolier 

27. 1. Introduction 
Investigation of solid phase equilibria in asymmetric binary mixtures is not only of 

general interest to explore phase equilibria in three-phase (gas, liquid, solid) systems but it 
has a major role in understanding and monitoring the pT-behaviour of petroleum fluids. 
Such fluids present a vast variety of compositions in terms of their respective constituents 
from light gases and liquids of various molecular sizes to macromolecular solids. 
Nowadays, the lack of thermodynamic data on asphaltenic fluids prevents the large scale 
exploitation of heavy oils in deep deposits. The main concern is the uncontrolled 
precipitation/flocculation of heavy fractions (asphaltenes, waxes) which causes obstruction 
and plugging of underground as well as surface installations and pipes. Research in 
polymer science continues to develop actively while the concepts of thermodynamics and 
kinetics together with polymer chain structure enhance the domain of polymer development 
and transformation. In many industrial applications, during extrusion processing or as all 
purpose materials, polymers are usually submitted to extreme conditions of temperature and 
pressure. Furthermore they are also very often in contact with gases and fluids, either as on-
duty materials (containers, pipes) or as process intermediates (foaming, molding). Since 
such materials are often used in special environments or under extreme conditions of 
temperature and pressure, their careful characterization must be done not only at the early 
stage of their development but also all along their life cycle. Furthermore, their properties 
as functions of temperature and pressure must be well established for the optimal control of 
their processability. This also stands for phase transitions; ignorance of a phase diagram, 
particularly at extreme conditions of pressure, temperature, and of chemical reactivity, is a 
limiting factor to the development of an industrial process, e.g., sol-gel transitions, 
polymerization under solvent near supercritical conditions, micro-and nano-foaming 
processes. Natural and bio-polymers constitute an important class of components largely 
used in food science. Among the numerous such polymers, starch serves to illustrate the 
complexity of state equilibria of systems containing other species like fibers, fat, proteins, 
in addition of extended ranges of water percentages.  
 In food science, industrial processing of such systems, for example during cooking 
extrusion, requires in depth thermodynamic as well as thermophysical characterization of 
the systems to process.  All above fields to cite a few, in oil industry and in polymer and 
food applications, necessitate the acquisition of key data. Undoubtedly, thermal and 
calorimetric techniques are essential in this respect. In relating thermal as well as 
mechanical behavior to materials’ structures these techniques are perfectly adapted to 
provide accurate data in wide ranges of temperature and pressure. 
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Typically, thermophysical properties feature the most important information expected when 
dealing with materials submitted to thermal variations and/or mechanical constraints. The 
properties of interest are of two types, bulk properties and phase transition properties. The 
bulk properties are either caloric properties, like heat capacities CP, and mechanical 
properties, like isobaric thermal expansivities αP, isothermal compressibilities κT, and 
isochoric thermal pressure coefficients βV. The two main thermal properties concern the 
first order transitions, fusion and crystallization, and the glass transition. All these 
properties are now accessible thanks to recent progress in various technologies which allow 
measurements in the three physical states over extended ranges of p and T, including in the 
vicinity of the critical point. In this respect, knowledge, i.e. measurements, of the 
thermophysical properties of polymers over extended ranges of temperature and pressures 
and in different gaseous environments is absolutely necessary to improve the use and life-
time of end products made of such polymers. The purpose of this chapter is to demonstrate 
the contribution of the new technique, scanning transitiometry, in providing accurate 
information to meet the demand for the different data pointed out. Examples have been 
selected in three main domains, oil exploitation and transport, polymer foaming and 
modification, and starch-water systems. As a matter of fact, these examples are directly 
connected to industrial activities: the petroleum industry, the insulating material industry, 
and the food  industry. In many cases, gases and polymers of different types and from 
different origins (synthetic, natural) are intimately interacting under external conditions of 
temperature (T) and pressure (p). In the subsequent examples the gas/polymer systems are 
either selected for a targeted industrial purpose i.e. foaming materials and materials 
processing, or are polymeric materials in contact with gas/liquid systems, i.e. pipes or tanks 
in gas and petroleum industry. The foaming materials industry is a rapidly growing area 
where constant innovation and added value products are key factors for economic success 
where international competition is high. The mastering of polymer degradation (typically 
blistering) by high pressure dissolved gases is another key issue. In what follows, in a first 
section the newly developed technique will be described. In a second section selected 
examples will illustrate how such technique is providing valuable data for significant 
progresses in different fields. 
 

27. 2. Scanning transitiometry 

 Calorimetry is certainly a major technique to measure thermodynamic properties of 
substances and to follow phase change phenomena. In most applications, calorimetry is 
carried out at constant pressure while the tracked phenomenon is observed on increasing or 
decreasing the temperature. The possibility of controlling the three most important 
thermodynamic variables (p, V and T) in calorimetric measurements makes it possible to 
perform simultaneous measurements of both thermal and mechanical contributions to the 
thermodynamic potential changes caused by the perturbation. Calorimetric techniques 
provide valuable additional information on transitions in complex systems. Their 
contributions to the total change of thermodynamic potential not only leads to the complete 
thermodynamic description of the system under study, but also permits investigation of 
systems with limited stability or systems with irreversible transitions. By a proper external 
change of the controlling variable the course of a transition under investigation can be 
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accelerated, impeded or even stopped at any degree of its advancement and then taken back 
to the beginning, all with simultaneous recording of the heat and mechanical variable 
variations. In what follows the main characteristics of scanning transitiometry are reviewed. 

 The seminal presentation by Randzio [1] of thermodynamic fundamentals for the 
use of state variables (p,V,T) in scanning calorimetric measurements has open the path [2-4] 
from p,V,T- calorimetry to the now well established scanning transitiometry technique [5]. 
With this technique the simultaneous determination of thermal and mechanical responses of 
the investigated system, perturbed by a variation of an independent thermodynamic variable 
while the other independent variable is kept automatically constant, allows the 
determination of thermodynamic derivatives over extended ranges of pressure and 
temperature, impossible to obtain by other known techniques. Four thermodynamic 
situations are thus possible to realize in the instruments based on such technique, namely, 
pVT-controlled scanning calorimeters or simply scanning transitiometers, since they are 
particularly adapted to investigate transitions by scanning one the three thermodynamic 
variables. The four possible thermodynamic situations (see Figure 1) are obtained by 
simultaneous recording of both heat flow (thermal output) and the change of the 
dependable variable (mechanical output).  
 

 
 
Fig. 1. Thermodynamic scheme of scanning transitiometry showing the four possible modes of 
scanning. Each of these modes delivers two output derivatives (mechanical and thermal) which in 
turn lead to four pairs of the different thermomechanical coefficients, namely: αP, κT, βV, CP,and 
CV.    
 

 Then, making use of the respective related Maxwell relations one readily obtains the 
main thermophysical properties as follows: a) scanning pressure under isothermal 
conditions yields the isobaric thermal expansivity αP and the isothermal compressibility κT 
as functions of pressure at a given temperature; b) scanning volume under isothermal 
conditions yields the isochoric thermal pressure coefficient βV and the isothermal 
compressibility κT as functions of volume at a given temperature; c) scanning temperature 
under isobaric conditions yields the isobaric heat capacity CP and the isobaric thermal 
expansivity αP; d) scanning temperature under isochoric conditions yields the isochoric 
heat capacity CV and the isochoric thermal pressure coefficient βV.  
 Then, making use of the respective related Maxwell relations one readily obtains the 
main thermophysical properties as follows: a) scanning pressure under isothermal 
conditions yields the isobaric thermal expansivity αP and the isothermal compressibility κT 
as functions of pressure at a given temperature; b) scanning volume under isothermal 
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conditions yields the isochoric thermal pressure coefficient βV and the isothermal 
compressibility κT as functions of volume at a given temperature; c) scanning temperature 
under isobaric conditions yields the isobaric heat capacity CP and the isobaric thermal 
expansivity αP; d) scanning temperature under isochoric conditions yields the isochoric 
heat capacity CV and the isochoric thermal pressure coefficient βV.  
 

 
 
 
Fig. 2. Detailed schematic representation of a scanning transitiometer setup for in situ 

simultaneous determination of the thermal and mechanical derivatives. For convenience, two types 
of cells are shown: on the left-hand side is the standard high pressure cell and on the right-hand 
side is a reaction type cell which can accommodate various accessories (stirrer, reagents feeding,  
capillaries, optical fibers/probes for UV/Vis/near IR spectroscopic analysis).  

 
 A detailed 
description of a basic scanning transitiometer is given elsewhere [6]. A schematic 
representation of the instruments (from BGR TECH, Warsaw, Poland) used in the present 
applications to polymers, and constructed according to the principle of scanning 
transitiometry, is presented in Figure. 2. It consists of a calorimeter equipped with high-
pressure vessels, a pVT system, and a LabVIEW based virtual instrument (VI) software. 
Two cylindrical calorimetric detectors (ext. diameter 17 mm, length 80 mm) made from 
622 thermocouples chromel-alumel each are mounted differentially and connected to a 
nanovolt amplifier. The calorimetric detectors are placed in a calorimetric metallic block, 
the temperature of which is directly controlled with an entirely digital feedback loop of 22-
bit resolution (~10-4 K), being part of the transitiometer software. The calorimetric block is 
surrounded by a heating-cooling shield connected to an ultracryostat (Unistat 385 from 
Huber, Germany) and the temperature difference between the block and the heating-cooling 
shield is set constant (5, 10, 20 or 30 K) as controlled by an analogue additional controller. 
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The whole assembly is placed in a thermal insulation enclosed in a stainless steel body and 
placed on a stand, which permits to move the calorimeter up and down over the 
calorimetric vessels. The actual operating ranges of scanning transitiometry are respectively 
173 K < T < 673 K and 0.1 MPa < p < 200 MPa (or 400 MPa). 
 

 
Fig. 3. Photography of a standard scanning transitiometer (from BGR TECH, Warsaw). The 
calorimetric detector which can be moved up and down over the measuring and reference cells (in 
twin differential arrangement) is shown in the upper position. In this position the cells which are 
firmly fixed on the stand table are then accessible for loading. 
 
   Actually, transitiometry is at the centre of different modes of utilization since with 
such technique, bulk properties, transitions as well as reactions (for example 
polymerization) can be advantageously studied. In the case of a non-reacting system which 
remains in a homogeneous state, both the mechanical and thermal outputs as explained 
before give straightforward access to pairs of the thermomechanical coefficients. When the 
system or the material sample goes through a chemical reaction or a phase change, the 
recorded information yields the corresponding heat and pVT characteristics. In the case of 
polymer synthesis, a scanning transitiometer is  used as an isothermal reaction calorimeter, 
the advancement of a polymerization reaction being accurately monitored through the 
rigorous control of the thermodynamic parameters [7]. Two reaction cells - measuring and 
reference - are made as equal as possible to each other and they operate in common 
surroundings in a so-called twin differential arrangement. 
 The thermocouples composing the fluxmeters serve as a heat conduction path 
between cell walls and the block. To gather additional information on a reaction, the 
reaction can be coupled with other analytical devices (e.g., on-line FTIR, particle sizing 
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probes, turbidity probes, pH or other ion selective probes, etc). A photographic presentation 
of a transitiometer is given in Figure 3. 

27. 3.  Selected results 
 Performances and advantages of scanning transitiometry are well demonstrated by 

typical applications in several important fields: i) asymmetric fluid mixtures and petroleum 
fluids; ii) transitions of polymer systems under various constraints (temperature, pressure, 
gas sorption) including first-order phase transitions [8, 9] and biopolymer gelatinization 
[10-13]; (iii) polymer thermophysical properties and influence of gas sorption [9, 14]. In 
what follows three illustrative examples have been selected namely: in the petroleum 
industry, in polymer science and in food science. 

      
    27.3.1. Petroleum Industry 

 The oil industry, where petroleum products and associated fluids of different nature 
with multicomponent and complex compositions present a large variety of phases and 
phase equilibria, is certainly the domain by excellence for scanning transitiometry 
applications. The ongoing determinations of the thermophysical properties (CP, αP, κT) over 
extended p and T ranges of newly developed fuels (including biofuels) will not be reported 
here. Instead, two other completed studies are worth to report: i) appearance of the solid 
phase in asymmetric binary systems and ii) precipitation of heavy cuts in asphaltenic fluids 
under p and T conditions of deep underground reservoirs. 
 The investigation of asymmetric systems i.e. binary mixtures of two components 
having large difference in the molecular size is of interest in relation with the solid 
precipitation or flocculation of heavy components in high pressure reservoir fluids 
containing large concentrations of light components like methane. Typically these systems 
exhibit a three-phase equilibrium curve (solid-liquid-vapor) with a high temperature 
segment. Scanning transitiometry allows to precisely detecting up to high pressures the 
transition through the three-phase line in both directions by varying any of the state 
variables (p, V, T). The method was tested [6] with the system {tetracosane + methane} by 
comparing with the reference data measured using the conventional visual method [15]. 
The Figure 4 shows the very good agreement of data obtained with scanning transitiometry 
and the indirect method based on the visual observation of phase boundaries. 
 Precipitation or flocculation of asphaltenes is a major concern for different activities 
in the petroleum industry such as extraction, production and transport. Due to their complex 
molecular structures, asphaltenes constitute large aggregates which contribute to a large 
extent to the stability of crude oils. Asphaltenes are identified by their insolubility in n-
alkanes and their solubility in aromatic solvents like toluene. Their particular molecular and 
thermodynamic properties are such that under slight changes of p and T asphaltenes can 
flocculate in the crude oil causing the formation of heavy deposits. Therefore it is essential 
to document the thermodynamic comportment of asphaltenes undergoing temperature and 
pressure differences between in-well and surface conditions. To this end scanning 
transitiometry was used to investigate the thermodynamic behavior of asphaltenic fluids 
under in-well p and T conditions. 
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Fig. 4. Phase equilibria in the system {tetracosane + methane}.▲, Our work on the three-phase 
equilibrium [6]. ○, Three-phase equilibria data  of Flöter et al. [15]. □, Second critical endpoint. ■, 
Our work for the high pressure equilibrium (solid + fluid + liquid) [6].  Note that the three (open 
triangles) points correspond to a near critical liquid-vapor isopleth at 0.04 mole fraction of 
tetracosane 
  
 The study of real (live) fluids was a challenge [16] as regards the introduction of an 
asphaltenic fluid (provided in a high pressure cylinder by TOTAL France) into the 
transtiometric cell under isobaric conditions from the high pressure cylinder. Effectively, 
the fluid has been collected and kept in the cylinder under the in-well conditions, thus the 
isobaric transfer must be carefully made to prevent any drop in pressure which would 
inevitably cause precipitation/flocculation of asphaltenes. A special setup was designed to 
insure the isobaric transfer of the fluid into the active calorimetric detector [16]; this was 
facilitated by the use of mercury as hydraulic fluid to pressurize the whole (transfer setup 
and calorimetric cell) system and push the fluid into the calorimetric cell during the 
operation of transfer. It was then possible to bring the fluid sample in the calorimetric cell 
to the nominal p, T in-well conditions. Cycles of compression/decompression could be 
performed over extended time periods in order to allow the system to relax and return to 
equilibrium and observe possible precipitation/flocculation of asphaltenes. The isothermal 
(at 430 K) thermograms obtained with a given asphaltenic fluid (61 MPa and 430 K 
respectively) are presented in Figure 5. The shallow exothermal maximum shown for the 
first expansion would correspond to the precipitation/flocculation of asphaltenes; for the 
second decompression (after recompression) only a small effect is visible and for the fourth 
decompression under the same conditions no more such effect appears. It can be concluded 
that after few decompression/re-compression the original asphaltenic fluid behaves as a 
“normal” fluid [4] since the asphaltenes have precipitated and were not redissolved by 
successive recompressions during the time frame of the experiment. These preliminary 
investigations have shown the advantage of scanning transtiometry to characterize real 
(live) oils and systematic studies are underway on heavy oils from different geological 
origins. 
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Fig. 5. Thermograms obtained after cycling successive decompressions and recompressions. 
During the first expansion the exothermic effect which would correspond to the precipitation / 
flocculation  of asphaltenes clearly appears; it is slightly visible for the second expansion and 
completely disappears after the third one. The shape of the forth expansion thermogram is similar 
to what is observed for a simple fluid [4]. 
       
   27. 3.2. Polymer science 
 When dealing with polymer materials, the glass transition must be unambiguously 
established in particular with respect to its dependence with temperature, pressure and 
plasticizers, especially high pressure gases. Although the following examples might appear 
as simply relevant of “applied” science, they imply fundamental approaches in terms of 
developing specific instruments and associated methodologies to investigate the glass 
transition temperature Tg which is the pivotal transition to understand and control for the 
proper processing of polymeric materials. Herein, an account of the influence on Tg of p, T 
and gas solubility, is reported. 
 The thermodynamic principle of scanning transitiometry is based on the Maxwell 
equality 
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Thus, if a sample of a polymer of a mass ms is placed in the calorimetric vessel and is 
submitted to a pressure variation dp, then the heat exchanged in such a process, dQpl, is 
defined by the following equation 
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 On the other hand, if the substance contained in the calorimetric vessel is in the 
fluid state and the pressure is exerted through the fluid itself then the real mass of the fluid 
sample contained in the calorimetric vessel is changing along with the pressure variation 
and is equal to VE/Vs, where VE  is the active internal volume of the calorimetric vessel 
accessible for the fluid and Vs is the specific (or molar) volume of that fluid. Thus, in this 
case the thermal effect, dQfl, associated with the pressure variation is defined by the 
following equation 
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where αp=1/Vs(∂Vs/∂T)p is the isobaric thermal expansivity of the fluid. Then, if a polymer 
sample is placed in the calorimetric vessel and is compressed or decompressed by 
intermediary of a fluid like a gas or mercury, the total thermal effect will be composed of 
the main three following terms: compression of the solid (equation 2), compression of the 
fluid phase (equation 3) and “pure” interaction of the fluid with the polymer. Of course it is 
assumed that there are no state or phase transitions in both the fluid and the polymer within 
the experimental p, T range. 
 The thermal calibration (energy and temperature) was done with the use of benzoic 
acid. The thermomechanical calibration, especially the determination of the internal active 
volume VE  (equation 3) was done with the use of nitrogen, for which the thermal expansion 
is known from its equation of state.  
 

A)  Glass transition temperatures of elastomers under high pressure 
 The glass transition temperature is affected by pressure since an increase of pressure 
causes a decrease in the total volume and an increase in Tg is expected due to the decrease 
of free volume. This result is important in engineering operations such as molding or 
extrusion, when operations too close to Tg can result in a stiffening of the material. 
Investigation of the glass-transitions of polymers under pressure is not a simple problem, 
especially in the case of elastomers of which Tg’s are usually well-below the ambient 
temperature. In the case of scanning transitiometry the traditional pressure-transmitting 
fluid, mercury, must be replaced since its crystallization temperature is relatively high, i.e. 
235.45 K. Then the choice of the replacement fluid is again a challenge [17] because it 
should be chemically inert with respect to the investigated sample. Also, values of its 
thermomechanical coefficients, compressibility, κT, and thermal expansivity, αp, should be 
smaller than those of the investigated sample. An additional difficulty in the investigation 
of second order type transitions is the relatively weak effect measured. It is well-known that 
the amplitude of the heat flow at the glass transition Tg increases with the temperature 
scanning rate while the time-constant of heat flow type calorimeters, like scanning 
transitiometers, imposes temperature scan rates which are slow compared to typical DSC 
scan rates.  

 

   
594



 

 
 
Fig. 6. Illustration of the scanning transitiometry technique for the investigation of polymers 

glass transition temperature at low-temperature and high pressure. The typical thermograms (heat 
flow vs T ) for the transition domain of a vulcanized rubber are shown for different pressures. The 
pressure coefficient of the glass transition temperature is given in the inset. 
 
 For the present measurements silicon oil was used instead of mercury as the 
hydraulic pressurizing fluid, and the polymer sample was placed in a lead (soft metal) 
ampoule. Test measurements were made on polyvinyl acetate for which the ΔTg/Δp 
coefficient was found to be 0.212 ± 0.002 K MPa-1 in good agreement with the literature 
value 0.22 K MPa-1 [18]. The calorimetric traces obtained with the same method for a 
poly(butadiene-co-styrene) vulcanized rubber [19] during isobaric scans of temperatures 
ranging from 218.15 K to 278.15 K  at 0.4 K min-1 are shown in Figure 6. The Figure 6 
shows also the evolution of Tg at different pressures, at 0.25, 10, 30, 50, and 90 MPa, 
respectively:  Tg increases linearly with pressure with a ΔTg/Δp coefficient of 0.193 ± 0.002 
K MPa-1. It should be noted that Tg is expressed as the temperature corresponding to the 
peak of the first derivative of the heat flux (i.e. the inflexion point of the heat flow). 
 
            b) Glass transition temperature of polystyrene modified by high pressur methane 
 There is not much information available in the literature on calorimetric study of 
plasticization of polymers at high pressures, above say 50 MPa, induced by gases. 
Plasticization is well characterized by the shift of the temperature of the glass transition, Tg. 
Actually, when pressure is induced by a gas, both plasticization and hydrostatic effects 
contribute to the shift of Tg. If plasticization tends to lower Tg because of the gain of 
mobility of the polymeric chains, the hydrostatic effect raises it in diminishing the free 
volume. Methane (CH4) is assumed to be a non-plasticizing gas but, our results show that, 
at higher pressures, plasticization overtakes again the hydrostatic effect, due to a probably 
higher solubility of the gas in polystyrene (PS) at higher pressures; this kind of behavior 
has been suggested for high enough pressures [20]. The plasticization of PS using CH4 
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seems to be possible but it is necessary for this to apply high pressure, i.e. 200 MPa, in 
order to obtain approximately the same shift of the Tg as with ethylene (C2H4) under 9,0 
MPa! In this respect CH4 cannot really be considered as a good plasticizing gas.  

 
 
       c)  Shift of the glass transition temperature by high pressure gases  
 An important aspect of polymer foaming is certainly the “easiness” of the blowing 
agent to enter, to dissolve and to diffuse into the polymer matrix. Two parameters, T and p, 
are essential to control these phenomena. The nature and properties of the polymer and of 
the fluid play evidently a major role. In this context, the physical state of the polymer must 
be appropriately modified to undergo plasticization; this optimal condition for having the 
“blowing” effect taking place depends upon the glass transition temperature Tg. 
Plasticization depends on all the thermodynamics variables and parameters listed above. In 
particular, it is necessary to know to what extent Tg is advantageously decreased in order to 
optimise the foaming process. From a practical point of view the ΔTg shift should be 
accurately determined or predicted. Moreover, many properties can be correlated with the 
glass transition temperature depression ΔTg due to plasticization. In order to predict the ΔTg 
the model of Chow [21] was selected. The calculations using the model of Chow were 
made using experimental data of solubilities directly measured with a new technique 
combining a vibrating wire (VW) weight sensor and a pVT setup [22].  
 Chow has proposed a relation based on Gibbs and Di Marzio principle (the entropy 
of the glassy state is zero) to account for the change in Tg due to the sorbed component as 
follows:  
 

( ) ( )[ ]θθ+θ−θ−β=⎟
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Tg and Tgo are the glass transition temperatures for the polymer-gas system and the pure 
polymer respectively, Mp is the molar mass of the polymer repeat unit, Md is the molar mass 
of the (diluent) gas, R is the gas constant, ω the mass fraction of the gas in the polymer, 
ΔCp is the heat capacity change associated with the glass transition of the pure polymer and 
z is the lattice coordination number. All parameters of the model have physical meanings, 
except the number z. The value of this parameter may change according to the state of the 
diluent : z = 2 when the diluent is in the liquid state and z = 1 for a gas. 
 In order to compare the model calculations with experimental calorimetric data, 
polystyrene (PS) samples were modified in a transitiometer used in the present case as a 
small reactor to modify under equilibrium conditions the polystyrene in presence of a 
chosen fluid. Modifications of polystyrene have been done in presence of N2 and CO2, 
along isotherms at a given pressure. For these two fluids, a final temperature of 398.15 K 
and a final pressure of 80 MPa have been attained. The glass transition temperatures Tg’s of 
modified and non modified PS samples were determined by Temperature Modulated DSC 
(TMDSC). The solubilities of the different gases were measured using the VW-pVT 
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sorption technique [22, 29] along different isotherms and the mass fraction of the gas in the 
polymer was then determined following the equation: 
 

1+
=ω

s
s                                                                                                                               (5) 

 
s being the solubility of the fluid in the polymer, in mg of fluid/mg of polymer. 
 Using the values of ω determined for each system PS/gas, the Chow equation (4) has 
allowed to estimate the variation with pressure, ΔTg, of the temperature of the glass 
transition this, along the different isotherms of the sorption measurements. The use of the 
Chow model is then rather delicate since the choice of the value of z that is to say in fact, 
the state of the diluent, influences significantly the results. The Tg-shift under CO2 
pressures is spectacular showing the high plasticizing effect of CO2. The good agreement of 
the literature data for PS/CO2 with the calculated values [23] as seen in Figure 7 can 
certainly be explained by the state of the diluent which is most likely in the critical state in 
the ranges of T and p considered. 

 
 

Fig. 7. Variation of the glass transition temperature with pressure for the system polystyrene-
CO2. Calculations have been made for the four temperatures 338.22, 362.50, 383.22 and 402.51 K. 
of experimental measurements. Full symbols represent results for z = 1 and empty symbols for z = 
2. Literature values are represented by crosses in the zoom of the graph (the same scale of 
temperature being kept). Lines are hand drawn through the points. 
 
 Effectively, the critical temperature Tc and critical pressure pc of CO2 support the 
hypothesis of the gas being in the near critical region. As a matter of fact, depending on the 
experimental conditions in the vicinity of the critical point, the fluid can exist in one or the 
other state (gas or liquid) or even in both. In the present case, literature data for the PS/CO2 
system have been obtained under a pressure p ≤ pc and at a temperature T ≥ Tc for CO2 ; 
then two phases of the diluent can coexist in different proportions. Despite the difficulty to 
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determine exactly the variation of Tg, particularly under supercritical conditions of a diluent 
fluid, the model of Chow is actually a useful guide in order to predict the variation of the 
glass transition of a polymer modified by a high pressure fluid. However, the exact 
determination of the glass transition depression, ΔTg, becomes more difficult when the 
pressure increases, specially near and above the critical point of the diluent fluid. This 
means that when plotting ΔTg as a function of pressure, the temperature of measurement 
plays a major role. If we do not take into account this temperature, it is preferable to 
represent ΔTg as a function of the mass fraction of the fluid in the polymer. 
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Fig. 8. Variation of the glass transition temperature as a function of pressure for the system 
polystyrene-N2. Calculations have been made for the three temperatures 313.11, 333.23 and 353.15 
K of experimental measurements, using z = 1. Lines are hand drawn through the points. 

 
 Compared to polar CO2 and because of its non polarizability, N2 should be a weaker 
plasticizing agent although as shown in Figure 8 it induces significant shifts of Tg under N2 
pressures [23]. However, N2 which should be also a good foaming agent is not used in the 
foaming industry because of the need of too high a pressure to attain the desired depression 
in Tg. 
 
  27.3.3. Food Science 

 Recent and fast developments in food science result from the large scale use of 
extruders to process different types of products from biscuits, crackers, breakfast cereals, 
flours to more elaborate food components and pet food.  Actually, food materials are 
extruded as other materials like polymers for example. Extrusion processes shape the final 
products in terms of structural organization (fibre like crystallisation, foam, soft or hard 
species..) in combining elevated temperatures and pressures.   

 Optimization of extrusion processes requires a detailed knowledge of the properties 
of the starting ingredients. In this respect, the properties of starch which is a major 
component of food systems are essential to document, particularly over extended pressure 
and temperature ranges as well as concerns the water content.  In this context, the 
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contribution of scanning transitiometry to investigate starch-water systems has been 
recently demonstrated [13, 27]. Figure 9 presents an example of a transitiometric study of a 
56% water suspension of wheat starch. Temperature scans have been performed at various 
pressures while recording simultaneously two output signals, heat flow and the thermal 
expansion. Interestingly, the endothermic main transition (positive enthalpy) corresponding 
to gelatinization is associated with a negative volume change, in complete agreement with 
the Clapeyron equation characterizing the transition 
 
 
 

 
 

Fig. 9. Transitiometric traces (thermal and mechanical outputs per gram of dry starch) obtained 
simultaneously in situ by scanning temperature at the rate 2.5 mK s-1 at three different pressures for 
a starch-water suspension (56 mass % total water content). The middle graph allows distinguishing 
between the heat flow qp (thermal) thermogram and the volume change (dV/dT)p  (mechanical) 
trace. 

27. 4. Concluding Remarks 
 
New developments in calorimetric techniques like Temperature Modulated DSC, 

(TMDSC), which permits to determine unambiguously glass transition temperatures [28], 
and in associated techniques like the VW-pVT technique [29] which allows measuring 
simultaneously the amount of gas entering a polymer sample and the subsequent volume 

   
599



change of the polymer, have contributed to notably broaden the area of experimental 
thermodynamics, with incursions in several major domains. In addition, the field of 
calorimetric techniques has witnessed an impressive impetus with the concept of scanning 
transitiometry. The main characteristic of scanning transitiometry is its great versatility in 
the sense that all physical states, homogeneous as well heterogeneous systems can be 
thoroughly investigated. A special feature is the possibility it gives to take full advantage of 
the four possible modes of scanning.  Remarkably, it is possible after loading the measuring 
cell to activate either one of the four scanning modes and to shift from one to another 
without removing or reloading the cell. The possibility to use different hydraulic fluids to 
pressurize the investigated sample or system is undoubtedly another great advantage. The 
hydrostatic effect of a neutral fluid like mercury can serve as a reference against which to 
compare the hydrostatic/plasticization effects of other fluids (liquids or gases). 
Furthermore, a scanning transitiometer can be used as an instrumented reactor to perfectly 
control the modifications induced by T, p and the pressurizing fluid as for example for 
polymer foaming [30] or for self assembling of nanoscale molecular structures [31-33]. The 
possibility to use supercritical fluids to transmit pressure adds a new feature to the 
technique which becomes ideally suited to investigate state transitions in various 
thermodynamic situations. A scanning transitiometer can also be used as a reaction 
calorimeter in which additional devices (for example reagents feeding capillaries, stirrer, 
pH and spectroscopic probes) allow to collect complete information on a reacting medium 
[34-37]. Among other possible fields of applications, biology and biochemistry are 
important fields where scanning transitiometry should certainly contribute to provide 
original results.  

 This technique plays an important role in defining the most probable 
thermodynamic path to follow in order to in depth investigate a special region of interest in 
a system undergoing imposed changes or self developing modifications kinetically 
dependent. In making accessible new data, often impossible to obtain with other known 
techniques, scanning transitiometry contributes to reinforce the place of rigorous 
thermodynamics in providing key information to develop theoretical models; a  typical 
illustration being for example the use of recently obtained thermophysical (isobaric thermal 
expansion) data on fluids to design new equations of state [38,39]. 
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properties of materials as a function of temperature, time and frequency when they are sub-
jected to a periodic stress.

Temperature
Range –150 … 500 °C
Force
Range 0.001 … 40 N, (12, 18 or 40 N)
Frequency
Range 0.001 … 1000 Hz
Measurement modes
Bending 3-point, Dual cantilever, Shear, Tension, Compression

Quality certificate Development, production and  testing 
according to ISO 9001. Environment management system 
according to ISO 14001.

Service worldwide Our large service network is among the best 
in the world and ensures maximum availability and service life 
of your product.

Mettler-Toledo, s.r.o.
Třebohostická 2283/2, 100 00 Prague 10, Czech Republic
Tel.: +420 272 123 150, Fax: +420 272 123 170
E-mail: sales.mtcz@mt.com

Dynamic Mechanical Analysis
METTLER TOLEDO

Important application areas include:
•	 thermoplastics		 •	 thermosets
•	elastomers	 •	 adhesives
•	paints	and	lacquers	 •	 films	and	fibers
•	composites	 •	 foodstuffs	
•	pharmaceutical	 •	 fats	and	oils
•	ceramic	materials		 •	 constructional	materials
•	metals

Summary of the following effects and properties that can 
be investigated with DMA:
•	viscoelastic	behavior		 •	 relaxation	behavior
•	glass	transition	 •	 mechanical	modulus
•	damping	behavior	 •	 softening	
•	viscous	flow	 •	 crystallization	and	melting
•	phase	separations		 •	 gelation	
•	changes	in	morphology	 •	 composition	of	blends
•	 filler	activity	 •	 material	faults
•	curing	reactions	 •	 cross-linking	reactions
•	vulcanization	systems

Six different deformation modes
The DMA/SDTA861e has six different deformation modes:

•	Shear	(1)
•	3-point	bending	(2)
•	Dual	cantilever	(3)
•	Single	cantilever	(4)
•	Tension	(5)
•	Compression	(6)

(1) (2) (3) (4) (5) (6)
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TOPEM® – multi-frequency TMDSC technique
TMDSC (Temperature Modulated DSC Technique) methods allow both temperature-dependent 
and time-dependent processes to be separated. The basic idea of TOPEM® is to overlay the 
isothermal or ramped temperature with a time series of stochastic (random) temperature 
pulses of different durations. The new advanced multi-frequency temperature modulation 
technique, uses a large number of different frequencies (broadband).

Flow diagram of the TOPEM® evaluation

Measured curves
T(t) and φmeasured(t)

Pulse response g(t) 
("system 

characterization")

Result curve
cp0 , φtot , φreversing ,

φnon-reversing

Frequency	
selection

Frequency
dependent curves

c*p,fi , c'p,fi , c"p,fi , φ fi

Frequency
dependent curves

c*p,fi , c'p,fi , c"p,fi , φ fi

Frequency	–
dependent curves

c*p,fi , c’p,fi , c”p,fi , φfi

The conventional DSC curve of SBR containing a low 
molecular weight oil shows overlapping thermal effects 
that are difficult to identify and properly assign. In con-
trast, a TOPEM® measurement performed at 2 K/min 
allowed	the	transitions	to	be	quickly	and	unambiguously	
identified.

In the reversing heat flow curve, the glass transition 
of the elastomer is observed as a characteristic step 
at –34 °C. In addition, the reversing heat flow curve 
exhibits an endothermic effect at 4 °C. This can be as-
signed to the melting of the oil. The non-reversing heat 
flow shows an exothermic effect at about –16 °C. This 
is due to the cold crystallization of the low molecular 
weight constituents.

SBR elastomer containing a low molecular weight oil

Features and benefits

•	 One measurement – simultaneous measurement of sample properties as a func-
tion	of	time	and	temperature	over	a	large	frequency	range

•	 cp determination from the pulse response – very accurate determination 
of	the	quasi-static	heat	capacity

•	 Simultaneous high sensitivity and high resolution – allows the measurement 
of low energy transitions and/or close-lying temper-ature-dependent effects

•	 Separation of reversing and non-reversing processes – heat capacities can 
be	determined	with	unrivaled	quality	even	if	the	effects	overlap

•	 Simplifies interpretation	–	frequency-dependent	effects	(e.g.	glass	transitions)	
can	be	very	easily	distinguished	from	frequency-independent	effects	(e.g.	loss	
of moisture) 

•	 Extended PEM technique – eliminates instrumental influences and extends 
the	measurable	frequency	range	

•	 Automatic cp adjustment	–	provides	accurate	frequency-dependent	heat	capacity	
values based on one single measurement
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Original Concept of Bioactive Surface
Predictable Bone Regeneration

Bioactive Titanium in Neurosurgery

BIOACTIVE TITANIUM
Nanostructured
Hydrophilic
Osteoconductive

The unique alkali-treated bioactive surface of the STI-Bio-C implant accelerates the process 
of bone-implant contact formation, providing the implant with increasing secondary stability
at the earliest stages of healing. This phenomenon helps to reduce the healing time and enables
early and immediate loading to become a predictable and safe treatment protocol.

PORESORB®-TCP
Bone regeneration material,
resorbable, synthetic, osteoconductive

LASAK, Ltd.
Papírenská 25, Prague 6, 160 00, Czech Republic
tel: +420 233 324 280, fax: +420 224 319 716

email: lasak@lasak.cz, www.lasak.cz
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LEXT is a new confocal 
laser scanning microscope that 
enables sub-micron 3D imaging 
of surfaces up to the accuracy 
of 0.12 mm. With the magnification
range from 120x to 14400x, 
it works between the limits of 
optical microscopes and scanning 
electron microscopes (SEM). 
However, unlike SEM, samples 
can be observed immediately, 
without the necessity of using 
the vacuum chamber. The combination
of laser-beam 3D imaging and 
the color image of light microscopy 
enables to obtain a realistic image 
of the examined surface. LEXT 
can be used, among other things, 
as a 3D metrological device in 
industrial production of parts 
with very narrow tolerances, 
in the investigation of nanofibers, 
as well as for the observation 
of detailed structures of mineral, 
vegetal and animal surfaces 
in natural science. 

LEXT OLS3100
Confocal Laser Scanning Microscope

Welcome to the new world 

of observation!

Olympus Czech Group, s.r.o., člen koncernu • Evropská 176, 160 41 Prague 6
Phone: +420 221 985 227, fax: +420 221 985 579, e-mail: mikroskopy&olympus.cz, www-olympus.cz
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Frontiers of Quantum and

Mesoscopic Thermodynamics

Satellite of the 20th General Conference 

of the EPS Condesed Matter Division

organized by Institute of Physics ASCR

and Faculty of Mathematics and Physics

of the Charles University, Prague

www.fzu.cz/activities/conferences/fqmt04

Topics:

Quantum, mesoscopic

and (partly) classical 

thermodynamics 

Quantum measurement

and decoherence

Mesoscopic and 

nanomechanical systems 

Classical and quantum 

molecular motors and ratchets

Quantum Brownian 

motion 

Quantum computing

Relevant experiments

Confirmed speakers:

A. Aharony (Tel Aviv)

B. L. Altshuler (Princeton)

R. Balian (CEA-Saclay)

J. Berger (Karmiel)

T. Brandes (Manchester)

M. Buttiker (Genova)

A. O. Caldeira (Campinas)

P. Hanggi (Augsburg)

H. Grabert (Freiburg)

M. Grifoni (Regensburg)

D. E. Gross (Berlin)

F. Haake (Dusseldorf)

H. Linke (Oregon)

A. J. Leggett (Urbana)

A. MacKinnon (London)

J. E. Mooij (Delft)  - tentatively

R. C. O' Connell (Baton Rouge)

M. O. Scully (Princeton)

K. Schwab (Maryland)

T. Seideman (Northwestern Univ.)

U. Weiss (Stuttgart)

A. Zeilinger  (Vienna) - tentatively

W. H. Zurek  (Los Alamos) - tentatively

Civilization, science,

physics - Prague

milestones

The Prague Castle 

was founded around 

880, Prague became a 

centre of Czech 

Lands.

The beginning of sci-

ence in the Czech terri-

tory is related to the 

founding of the Charles 

University in 1348, the 

first university in the 

Central European re-

gion.

Prague became the capi-

tal of the Holy Roman 

Empire. 

The high level of science in 

Prague at that time is con-

firmed by the sophisticated 

Prague Astronomical Clock at 

the Old Town Hall. Its mathe-

matical model was developed 

by professor Jan Sindel. The 

clock was made by Mikulas 

of Kadan in 1410.

Rudolph II (1576-1612)   

invited to Prague many 

significant scientists,  

painters, architectors and 

musicians. During his 

reign Prague became the 

European centre of sci-

ence and arts. 

Tycho Brahe came to Pra-

gue in 1599 and began to 

form a circle of younger 

co-workers. In 1600 Jo-

hannes Kepler arrived.

Brahe's high precision 

astrometric observa-

tions of the planets 

combined luckily with 

Kepler's theoretical 

knowledge and resul-

ted in the discovery of 

law of planetary mo-

tion, the most signifi-

cant and famous scien-

tific result of that time.

Joseph Stepling, a mem-

ber of the Jesuit Order at 

St Clement College, rep-

resented a new trend in 

science based on New-

ton's work. In 1751 he 

founded the Clementinum 

observatory which keeps 

the longest series of  me-

teorological records in the 

world.

Johannes Marcus Mar-

ci of Kronland  (1595-

1667), professor and 

rector of the Charles 

Univeristy, investiga-

ted e.g. different prop-

erties of light (spectral 

colors, wave nature, 

diffraction), being a 

predecessor of Huy-

gens and Newton.

Albert Einstein was  pro-

fessor of theoretical phys-

ics in Prague in 1911-1912 

and read his lectures in the 

Clementinum and at the 

Physical Institute. In the 

same time a new view of 

space appeared in the Pra-

gue cubistic architecture 

which is unique in the 

world.

In the first half of the 19th 

century, Bernhard Bolza-

no, mathematician and 

philosopher, advanced sig-

nificantly fields of logic, 

variables, limits, continui-

ty and concept of infinity.

Ernst Mach lived in Pra-

gue and contributed to the 

development of several 

parts of physics.

Christian Doppler discov-

ered and formulated in 

Prague the physical effect 

now known as the Dop-

pler principle.

The paper in which Brahe 

explained his planetary 

system was published in 

Prague.  

Tycho Brahe is burried in 

the Church of Our Lady 

before Tyn at the Old 

Town Square.

26-29 July 2004, Prague, Czech Republic



 

 

 

 

   

 
 

 
 

 

 
 

 
 
 

 
 

 
 

 
 

 
 

 

	 	 	 	 The Slovak Glass Society and Czech Glass Society in cooperation with RONA Lednické Rovne, under the auspices of the 
International Commission on Glass, organize the Norbert Kreidl Memorial Conference. The conference will be dedicated to the 
100th birthday anniversary of Prof. Norbert Kreidl. The venue of the conference was selected with respect to the close personal 
links of Prof. Norbert Kreidl with Lednické Rovne where he spent part of his fruitful life, as well as the family links with Jozef 
Schreiber, the founder and original owner of the Rona Company. The conference is dedicated to "Building the Bridges between 
Glass Science and Glass Technology", the message of Norbert Kreidl to next generations of glass scientists and technologists. 
The program commemorating the work and life of Prof. Norbert Kreidl will be the inseparable part of the conference. 
						After receiving doctor's degree in physics from Vienna University 1928, Norbert J. Kreidl became interested in a career in the 
glass industry, i.e., at J. Schreibers Neffen, at the Moravian-Slovakian border. His life changed dramatically in 1938 when he left 
with his family Czechoslovakia and joined his former teacher, Prof. W. Weyl in the USA starting to work lifelong for Bausch & 
Lomb Co. Later after retirement he became professor at the Universities of Rutgers, Missouri (Rolla), New Mexico (Santa Fe), and 
Arizona (Tucson). Kreidl's international prominence and activities were longstanding and exceptional. He already participated 
at the 1st Glass Congress of the International Commission on Glass (ICG) in Venice in 1933. He was the president of ICG 1969 to 
1972. He always fascinated his students and colleagues by the breadth of his knowledge, his way of thinking in larger contexts 
and his captivating rhetoric. Previous symposium "Present state and future prospects of glass science and technology" was 
held in Triesenberg (Liechtenstein 1994) honoring the 90th birthday of Professor Norbert J. Kreidl and was chaired by Wolfram 
Höland, Volker Rheinberger, Osama El-Bayoumi and Donald Uhlmann. The proceedings were published as a separate issue of 
Glastech. Ber. Glass Sci. Technol. 70C, Frankfurt /M 1997 under the editorial of W. Höland and V. Rheinberger.  

  

Building the Bridges between 
Glass Science and Glass Technology

Chairman Chairmen of  the Scientific Committee Secretary

Dušan GalusekPeter Vačko Jaroslav Šesták Lubomír NěmecMarek Liška

Past-Chairman

Wolfram Höland

       Norbert J. Kreidl
July 3, 1904, + July 11, 1994

International advisory board
Ruud Beerkens         
Edward N. Boulos     
Delbert E. Day          
Larry L. Hench         
Wolfram Höland       
John D. Mackenzie  
Robert E. Moore+ 
Fabiano Nicoletti 
David L. Pye   
Helmut A. Schaeffer
Peter C. Schultz  
Donald R. Uhlmann 
Michael C. Weinberg+      

Organizing committee
Peter Vačko
Josef Matoušek
Marek Liška
Jaroslav Šesták
Lubomír Němec
Dušan Galusek
Miroslava Arkosiová
Stanislav Foltín
Peter Vrábel
Pavol Šajgalík
Peter Šimurka
Robert Klement

Invited speakers
Salah Arafa 
Hervé Arribart 
Edward N. Boulos  
Richard K. Brow 
Alexis G. Clare 
Reinhard Conradt
Aleš Helebrant 
Larry L. Hench 
Jong Heo 
Wolfram Höland 
Charles R. Kurkjian 
Leonid and Ksenia Landa 

Huang Liping 
Marek Liška 
Luboš Němec 
Christian Rüssel
Bianca M. Scalet 
Helmut A. Schaeffer 
Peter C. Schultz  
Zdeněk and Jakub Strnad 
Jaroslav Šesták 
Peter van Nijnatten 
Frederic T. Wallenberger 
Adrian C. Wright 

Norbert Kreidl Memorial Conference

Organized by Slovak Glass Society and Czech Glass Society
in cooperation with RONA Lednické Rovne, Alexander Dubček 
University of Trenčín, Institute of Inorganic Chemistry, Slovak
Academy of Sciences, Academy of Sciences of the Czech 
Republic and Slovak Chamber of Business and Commerce Trenčín,
and under the auspices of International Commission of Glass

June 23-26, 2004
Trenčín and Lednické Rovne
Slovak Republic





International Journal of 
Applied Glass Science
A quarterly, peer-reviewed journal devoted to
cutting edge of glass research

Published on behalf of The American Ceramic Society
and in partnership with Wiley-Blackwell

Edited by DR. L. DAVID PYE
Chief Executive Offi cer, Dean and Professor of Glass Science, Emeritus, the New York State College of 
Ceramics at Alfred University; and past President of The American Ceramic Society and the International 
Commission on Glass.

AIM AND SCOPE
The International Journal of Applied Glass Science (IJAGS) is an indispensable source of 
information dealing with the application of glass science and engineering across the entire materials 
spectrum. Through the solicitation, editing, and publishing of cutting-edge peer-reviewed papers, 
IJAGS will develop into a highly respected and enduring chronicle of major advances in applied glass 
science throughout this century. It is of critical value to the work of scientists, engineers, educators, 
students, and organizations involved in the research, manufacture and utilization of the material 
glass. Guided by an International Advisory Board, IJAGS focuses on topical issue themes that 
broadly encompass the advanced description, application, modeling, manufacture, application, and 
experimental investigation of glass.

Contributed papers are welcome in the following areas:
Defi nition, nomenclature, and description of 
the vitreous state/non-crystalline solids.

Properties, experimental and computational 
methods, and glass forming systems.

Manufacturing including the properties of 
glass forming melts, transition range behavior, 
forming methods, modeling; and quality 
control.

Secondary processing including controlled 
crystallization, tempering, ion-exchange, 
coatings, and decoration.

Application and/or utilization of glass in areas 
such as communications; transportation; 
medicine; energy; architecture; process 
control and sensors; optical, electrical, 
nuclear, mechanical, and chemical systems; 
archaeology; planetology; and art.

Characterization by techniques such as  optical  
and electron microscopy; thermal analysis and 
property measurements; and x-ray and electron 
diffraction/absorption/scattering.

Review papers on advanced glass research 
methods

LEARN MORE ABOUT THIS GROUND-BREAKING NEW JOURNAL
Inquiries can be made directly to members of the Advisory Board or

Dr. L. David Pye, Editor at pye@alfred.edu

Launch
MARCH
2010



 
 
The journal Ceramics-Silikáty publishes papers relating to the composition, structure and 
microstructure, processing, properties and applications of  
wide range of inorganic non-metallic materials including: 

• Glasses 

• Ceramics 

• Biomaterials 

• Cements   

• Inorganic Binding Materials 

• Other Inorganic Material Groups 

 
Published by:  

 Department of Glass and Ceramics,  
       (Institute of Chemical Technology, Prague)  

 Institute of Inorganic Chemistry, v.v.i.,  
   (Academy of Sciences of the Czech Republic) 

 
Subscription: <postmaster@kubon-sagner.de>   
                        <periodika@volny.cz> 
                                    
Editors: Miloslav Bartuška, Jaroslav Kloužek 
Department of Glass and Ceramics 
Institute of Chemical Technology, Prague 
Technická 5, 166 28 Prague, Czech Republic 
E-mail: <klouzekj@vscht.cz>, Tel.: +420 220 444 002, http://www.ceramics-silikaty.cz 
 
 

Czech Glass Society 
Slovak Glass Society 

 
Some representatives of the Czech 
Glass Society, from left: Dr. Pavel 
Hrma (USA guest), Doc. Jaroslav 
Kloužek (Editor of Ceramics-
Silikáty), Prof. Aleš Helebrant 
(secretary), Prof. Josef Matoušek 
(former president), Prof. Jaroslav 
Šesták  

Some representatives of the 
Slovak Glass Society, from left:  
Prof. Pavol Šajgalík, Prof. Marek 
Liška (vice-president), Dr. Peter 
Vačko (former president), Doc. 
Peter Vrábel, Doc. Peter Šimurka 
(president). 

http://www.ceramics-silikaty.cz/index.htm�
http://www.usk.cz/
http://www.iic.cas.cz/
mailto:postmaster@kubon-sagner.de
mailto:periodika@volny.cz
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Relaxation, 15,308 

Scanning, 220,286,586 

Stoichiometry, 98,351 

Super/under-cooled, 11 

Temperature, 72,91 

Thermodynamics, 
9,39,80,100,344,353 

Transformation, 43,118,129 

Transport, 328 

Thermal prop./anal., 40,121,507 

VFTM eq., 14,192,224 
Vibrations, 128,391,415 
Viscosity, 401,414 
Vitrification, 2,26 
Water, 177,188,190 


	opal-vstup
	kniha2009.pdf
	VSTUPYF
	nultaStr
	vstup
	prebal
	obsah
	I. Avramov (Bulgaria)
	20.6. Oscillatory regimes in some inorganic systems
	24.3.  Settling of Solids in HLW Glass Melter
	24. 4.  Foaming
	25. 5.  Salt Segregation
	24. 7.  Feed-to-Glass Conversion
	24. 8.  Crystallization [33]
	24. 9.  Chemical Durability
	25.1.    Healing and new bone formation
	25.2. Main types of bone-implant interface 
	25.3 Surface characteristics of titanium implants and their effect on osseointegration
	25.4  Bioactivation of titanium
	26.1. Geopolymers – introduction and history
	26.2. Geopolymerization – alkali dissolution and polycondensation
	26.3.  Raw materials
	26.4. Alkaline activators
	26.5. Constituents mixing order
	26.6. Hydration of alkali-activated slag
	26.7. Physical and mechanical properties of geopolymers
	26.8. Geopolymers durability
	26.9. Some examples of utilization of geopolymers
	           References (72 citation)
	27. APPLICATION OF SCANNING TRANSITIOMETRY IN PETROLEUM INDUSTRY AND IN POLYMER AND  FOOD SCIENCES      


	authorsF

	BinderFin
	Binder0-7
	Binder00
	00Preface
	0PrefaceFF

	Binder01
	01introd
	01-IntroductionQF

	Binder1
	1Ouvod
	01uvodFcor

	Binder2
	2OCalorik
	2-Mares

	Binder3
	3OHolecek
	3-Holecek

	Binder4
	4OHolba
	4-Holba

	Binder5
	5OWunderl
	5-Wunderlich

	Binder6
	6OKrakov
	6-Krakovsky
	6.   PHASE SEPARATION IN MACROMOLECULAR SYSTEMS
	6. 1.  Polymers 
	 In polymers there is a wide spectrum of processes with very broad characteristic time – from very slow translational and rotational dynamics of whole chains realized by means of torsional movements of their segments of large amplitude to very fast vibrations of bond length and angles of small amplitude. 
	6. 2.  Polymer solutions and blends
	6. 3.  Block copolymers
	6. 4.  Nanophase separation in polymer networks
	Fig.  14. Time-resolved SAXS patterns from the formation of nanophase separated polyurethane network by endlinking reaction of PBD and POPT with MDI. Reproduced from [21] with the permission of Elsevier.
	6.5.  Nanophase separation (crystallization) in polymer networks induced by  
	       strain


	Binder7
	7OSuga
	7-Suga-k


	Binder8-16
	Binder8
	8OBiolog
	8-ZamecnikF
	8.3.3. Desiccation 
	8.3.4. Osmotic and freeze dehydration
	8.5.1. Particularity of measurements of biological glass 
	8.5.2. Glass forming substances occurring in plants
	  a) Elements
	  b) Water
	  c ) Carbohydrates



	Binder9
	9OThomas
	09-Thomas-mold
	9.  PROPERTIES OF SOME NATURAL GLASSES: 
	AUSTRALIAN OPALS AND CZECH TEKTITE MOLDAVITES
	Paul Thomas, Klaus Heide, Jaroslav Šesták, Ekkehard Füglein, Peter Šimon


	Binder10
	10O-cernosek
	10-cernosek

	Binder11
	11O-Simon
	11-Simon
	DSC and DTA are routinely applied to the measurement of the glass transition temperature. The transition appears as a step in the heat capacity - temperature curve [19]. An increase in the heating rate causes this step to shift to higher temperatures suggesting that the process is thermally activated. This shift can be used for determining the activation energy of the process using some of the equations (13)-(16). However, the value of activation energy depends significantly on the method used for the determination of Tg. The glass temperature can be obtained as temperature of an extrapolated onset, infection point, midpoint in the cp curve or the position of a peak upon heating [19]. The differently defined values of Tg correspond to different stages of the glass transition. It has been reported [48,49] that the value of activation energy decreases with increase in the Tg value. 
	11.9.  Discussion
	[26] A.W. Coats and J.P. Redfern: Kinetic parameters from thermogravimetric data. Nature 201 (1964) 68-69.
	[48] C.A. Angell, R.C. Stell and W. Sichina: Viscosity-temperature function for sorbitol from combined viscosity and differential scanning calorimetry studies. J.Phys.Chem. 86 (1982) 1540-1542.


	Binder12
	12O-Svadlak-k
	12-Svadlak-k
	0B12.  CRYSTALLIZATION KINETICS IN AMORPHOUS AND      GLASSY MATERIALS
	2B12.3.1.  Optical measurements of crystal growth

	1BReferences  12


	Binder13
	13O-Fokin
	13-Fokin

	Binder14
	14O-IllekovaF
	14-IllekovaF

	Binder15
	15O-bury
	15-bury

	Binder16
	16O1-Liska
	16-Liska-Kn
	16. 6.  Quantitative Raman spectroscopy and Thermodynamic modeling
	References 16




	Binder17-27
	Binder17
	17O-Non-bridge
	17-NBO-magF

	Binder18
	18O-struktura
	18-hlavacekFF

	Binder19
	19O-isak
	19-isak
	Isak Avramov
	19. 2. Mean stay time and mean jump frequency

	Fig.4 Equilibrium (solid points) and non-equilibrium (open points) of viscosity of of a standard soda-lime silicate glass NBS710. Lines are according to Eqs.(18,28)
	Table 2 Parameters for pressure dependence of viscosity
	References 19



	Binder20
	20O-Diffusion
	20-Kalva
	20.5.  Quantum criteria and diffusion
	20.6. Oscillatory regimes in some inorganic systems

	20.7. Speed of diffusion


	Binder21
	21O-Disorder
	21-Hubik

	Binder22
	22O-BalekF
	22-BalekF

	Binder23
	23O-MilitkyC
	23-MilitkyC
	Table VI. Parameters of compressive creep
	Table IX. Rest weights and relative degradation rates for alkalis



	Binder24
	24O-HrmaF
	24-HrmaFF
	24. 1.  Introduction
	24. 2.  HLW Glass Formulation
	24.3.  Settling of Solids in HLW Glass Melter
	24. 4.  Foaming
	25. 5.  Salt Segregation
	24. 6.  Molten Salt Migration
	24. 7.  Feed-to-Glass Conversion
	24. 8.  Crystallization [33]
	24. 9.  Chemical Durability

	Acknowledgments: I am grateful to John Vienna for careful review and useful suggestions and Wayne Cosby for editorial support.
	References  24


	Binder25
	25O-Strnad
	25-StrnadCor
	25.1.  Healing and new bone formation
	25.2. Main types of bone-implant interface 
	25.3 Surface characteristics of titanium implants and their effect on osseointegration 
	25.3.1.  Physico-chemical characteristics
	25.3.2.  Surface roughness and morphology 



	Binder26
	26O-BrandstF
	26-BrandstF
	26. GEOPOLYMERS – AMORPHOUS CERAMICS VIA SOLUTION
	26.1. Geopolymers – introduction and history
	26.2. Geopolymerization – alkali dissolution and polycondensation
	26.2.1. Alkali dissolution of silica
	26.2.2. Alkali dissolution of aluminosilicates
	26.2.3. Geopolymer polycondensation

	26.3. Raw materials
	26.4. Alkaline activators
	26.5. Physical and mechanical properties of geopolymers
	26.5.1. Strength and its development
	26.5.2. Modulus of elasticity and its development
	26.5.3. Volume changes
	26.5.4. Influence of curing condition

	26.6. Geopolymers durability
	26.6.1. Temperature durability
	26.6.2. Carbonation
	26.6.3. Resistance to chloride penetration
	26.6.4. Resistance to chemical attack
	26.6.5. Frost – thaw resistance

	26.7. Some examples of utilization of geopolymers
	26.8. Conclusion
	Shortcuts and symbols index:
	References  26 



	Binder27
	27O-GrolierF
	27-GrolierF
	27. 1. Introduction
	27. 2. Scanning transitiometry
	27. 3.  Selected results
	   27. 3.2. Polymer science
	 When dealing with polymer materials, the glass transition must be unambiguously established in particular with respect to its dependence with temperature, pressure and plasticizers, especially high pressure gases. Although the following examples might appear as simply relevant of “applied” science, they imply fundamental approaches in terms of developing specific instruments and associated methodologies to investigate the glass transition temperature Tg which is the pivotal transition to understand and control for the proper processing of polymeric materials. Herein, an account of the influence on Tg of p, T and gas solubility, is reported.
	A)  Glass transition temperatures of elastomers under high pressure
	            b) Glass transition temperature of polystyrene modified by high pressur methane
	Fig. 8. Variation of the glass transition temperature as a function of pressure for the system polystyrene-N2. Calculations have been made for the three temperatures 313.11, 333.23 and 353.15 K of experimental measurements, using z = 1. Lines are hand drawn through the points.
	  27.3.3. Food Science

	27. 4. Concluding Remarks
	References 27




	konecF
	konec
	1-vstup
	FZU-ZCU

	2,3- CTS-izert
	ReklamaNTCor

	4-Netzsch3
	5-Netzsch2
	6,7-METTLER
	6-TAinstr-1
	8-TAinstr-2
	9,10-lasak
	11-Liberec
	05-LiberecF

	12-Olympus
	13-POSTER-Praha-sestak-A4-bw
	14-POSTER-Kreidl-F2
	15-RONAčb2
	16-USglass-1
	17-sklo-silkaty
	sklo-silkatyF

	18-book
	book


	19-INDEX




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>







    /HEB (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




