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PREFACE  
 

 
 
 
 

 
 
 
 
 
 

The eyewitness's recollections on thermal analysis maturity; the 
half century anniversary of formation of the new field, which is 
now due for revision 

The historic part of this preface is more than a recollection of the pertaining chro-
nology. The present state of thermal analysis, as an inseparable part of thermal 
physics [1], is "resting on the shoulders" of its pioneers and their previous prob-
lems, controversies and fallibilities. That gives us a relative perspective that our 
present achievements are neither absolute nor the last. A more detailed description 
than just a chronological enumeration of events was needed to link the previous 
ways of thinking with ours. This humbleness aside, we should be feeling lucky 
and happy that we are a part of this discipline, so uniquely diversified and bridg-
ing refined theory with technical applications, and the curious insight into materi-
als with methodological inventiveness. The most exciting thermoanalytical dis-
coveries, fundamental revisions of the theories, and enormous expansions of the 
research areas, are still ahead of us. 

Thermal analysis is a research method which studies, in dynamic, time-related 
ways, the relationships between temperature and some selected properties. This 
method dates back well into the nineteenth century, and it was initially called 
thermography. The term "thermal analysis" (TA) was introduced at the turn of 
twentieth century by Tammann [2] who was recording cooling curves in phase-
equilibrium studies of binary systems. He was followed by others [3], performing 
more exhaustive study of the effect of experimental variables on the shape of heat-
ing curves, as well as the influence of temperature gradients and heat fluxes taking 
place within both the furnace and the sample. The associated differential thermal 
analysis (DTA) was initially an empirical technique, and its early quantitative 
studies were semi-empirical and based on intuitive reasoning. Though some theo-
retical understanding was build [3], it was Berg, using the Newton’s cooling law, 
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who gave the initial theoretical bases for DTA [4], latter improved within the re-
nowned Russian thermoanalytical school [5].  DTA became gradually the center 
of attention [6], thermogravimetry being the second, thanks to its quantitative ben-
efits.   

It is high time now to recognize heat as an "instrumental reagent". Vold [7] was 
the first to take account of sample's thermal inertia, an essential factor of kinetic 
evaluation. That improvement, however, was repudiated by Borchard and Daniels 
[8] and that had a deleterious effect [10] on the subsequent DTA kinetic studies, 
persisting even now. Those improvements [6-7] remained largely ignored in the 
ensuing key books [9-11] and in many related papers. Therefore the progress in 
this area (equation manipulation, thermal effects) can be best seen in the sphere of 
kinetic papers. The six most important founders of thermal analysis are shown in 
Fig. 1. There are certainly other noteworthy "architects" who could not be listed 
here, but most of them have been mentioned elsewhere [12-14]). 

 

 

Fig. 1. Those who instigated the underpinning new fields of thermal physics and its indispensa-
ble branch of thermal analysis: Strouhal Čeněk (Vincenc) (1858-1922, Bohemia [15]),  Lev 
Germanovič Berg [4]  (1896–1974, USSR), Robert Cameron Mackenzie [9,16]  (1920–2000, 
Scotland), who also helped the formation of ICTA (International Confederation of Thermal 
Analysis); William Wesley Wendlandt [11,17]  (1927-2000, USA, the architect of 
Thermochimica Acta [18]), David Dollimore [19]  (1920-2000, UK-USA, the initiator of the sis-
ter organization ESTAC – European Symposium of thermal Analysis and Calorimetry) and Cor-
nelius Bernard Murphy [20] (1918–1994, USA, the first elected ICTA President)  

As the result of WW2, Europe was divided into the free West, and the East oc-
cupied by USSR, with a profoundly deep split between them - political, military, 
economic and cultural. Information coming from the free world had a disruptive 
potential for the communist doctrine, so the East-European science became a vic-
tim of the all-encompassing censorship and restrictions. Because of that, the East-
European science, thermal analysis including, was developing to a great extent in-
dependently from that in the West. For this reason the history of thermal analysis 
in the second half of the twentieth century needs to be told in two parts: in the 
West, and in the East, separately. 
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The Western course of thermal analysis advancement, and 
foundation of Thermochimica Acta 

The development of the Western stream of thermal analysis matured at the first In-
ternational Symposium on Thermal Analysis [12] which was held at the Northern 
Polytechnic in London (organized by B.R. Currel and D.A. Smith, April 1965), 
consisting of about 400 mostly international participants. The choice of the invited 
lectures offered the first account of thermal analysts who founded the field's pro-
gress, such as B.R. Currell, D.A. Smith, R.C. Mackenzie, P.D. Garn, M. Harmelin, 
W.W. Wendlandt, J.P. Redfern, D. Dollimore, C.B. Murphy, H.G. McAdie, L.G. 
Berg, M.J. Frazer, W. Gerard, G. Lombardi, C.J. Keattch and G. Berggren. The 
remarkable key lectures were read by P.D. Garn, G. Guiochon and J.P Redfern, on 
kinetic studies; also by W.W. Wendlandt and M. Hermelin on the methods of 
thermoanalytical investigations. The organizers invited scientist from the 
informationally-isolated countries of the Soviet Block, then represented by F. 
Paulik and J. Šesták giving the key lectures on the standardization of experimental 
condition and errors of kinetic data. This event was followed by the Aberdeen 
conference (September 1965) organized by J.P. Redfern and R.C. Mackenzie 
(Scottland), with help of US C.B. Murphy, Czech R. Barta, Russian L.G. Berg and 

Hungarian L. 
Erdey, with 
almost identi-
cal personal 
attendance.  

 
 
 
 
 
 
 

Fig. 2. Editorial Board meeting of Thermochimica Acta in Grado (6th ESTAC, September 1994). Up-
per from left: T. Ozawa (Kyoto), J. Šesták (Prague), J. Hay (one time TCA Editor, Birmingham), W. 
Hemminger (one time TCA Editor, Brunswick), E.L. Charsley (Leeds), J. Dunn (Pearth), part-hidden 
M. Richardson (Teddington), V.B. Lazarev (Moscow), part-hidden P.K. Gallagher (Columbus), J. 
Rouquerol (Marseilles). Sitting from left:  L. Whiting, (one time TCA Editor, Midland), G. Arena 
(Catalania), G. DelaGatta (Torino), H.  Suga (Osaka). In 1990's several more renowned thermal ana-
lysts participated at the TCA EB such as  J.R. Allan (Edinburgh, V. Balek (Řež), E.H.P. Cordfunke 
(Petten), G. D'Ascenzo (Rome), D. Dollimore (Toledo, USA), C.M. Earnest (Rome), W. Eysel (Aa-
chen), J.H. Flynn (Washington), A.K. Galwey (Belfast), F. Grønvold (Oslo), J.-P.E. Grolier [Aubiere), 
L.D. Hansen (Provo),  K. Heide (Jena), L.G. Hepler (Edmonton), R.-H. Hu (Beijing), R.B. Kemp 
(Aherystwyth), A. Kettrup (Paderborn), I. Lamprecht (Berlin ), F. Paulik (Budapest), O.T. Sorensen 
(Roskilde) or S.St.J. Warne (Newcastle). 



6  

 

During those conferences, culminating at the first ICTA conference in Worces-
ter (USA 1968) [21] the Elsevier publishing house, advocated by Professor W.W. 
Wendlandt (USA), realized the need to create an international journal covering 
thermal analysis. And so in early 1970's the journal Thermochimica Acta (TCA) 
started the publishing process, which continued for twenty five years by its found-
er [18] and legendary editor Wesley W. Wendlandt (1920-1997), with the help of 
the group of already renowned scientists, making the first international TCA Edi-
torial Board: B.R. Currell, T. Ozawa, L. Reich, J. Šesták, A.P. Gray, R.M. Izatt, G. 
Beech, M. Harmelin, H.G. McAdie, H.G. Wiedemann, E.M. Barrall, T.R. Ingra-
ham, R.N. Rogers, J. Chiu, H. Dichtl, P.O. Lumme, R.C. Wilhoit, G. Pannetier, 
G.M. Lukaszewski, E. Sturm, G.A. Vaughan, with support of D.A. Smith, S. Seki, 
M.J. Frazer, C.J. Keattch and/or G. Berggren. The journal had its seat in Huston 
(Texas, USA) gradually joining the best established and recognized international 
periodicals. Only one of those authors of the earliest TCA board is remaining now 
as a yet active member. 

TCA grew fast, and during the first ten years of its existence it increased the 
number of pages tenfold. The credit largely belongs to the Editor [18], whose sci-
entific reputation and guidance, as well as his own articles substantially contribut-
ed to the success. The TCA publications focused on the hot topics identified dur-
ing the former conferences, especially those dealing with the theoretical basis of 
general thermoanalytical kinetics [22-26]. Unfortunately, less attention was paid 
to DTA theory [27] which later became more abundant [28,29], but its treatment 
mostly overlooked the factor of sample's thermal inertia [7,30] ignoring the first 
kinetic software which did address sample's heat inertia [33] – the readers  were 
probably apprehensive to be overwhelmed by the complexity of the problem  
which would require a revision of the commonly practiced procedures. Five pa-
pers [22-26] from the first two years of TCA's existence are worth highlighting. 
They analyzed the consequences of the Garn's book [10], which provided the early 
core of non-isothermal kinetic studies. Those papers have received an abundant ci-
tation response, namely (Scopus) 29, 282, 70, 802 and 8, respectively. They alto-
gether provided a starting point to the subsequent kinetic studies, resulting in 
books [31-33], the latest of which just preserved mathematical exploitation of ki-
netic equations, but paying not enough attention to other critical assessments [34-
36]. The ICTAC's Kinetics Committee issued "Recommendations" [37], which re-
ceived a high citation response (∼ 800), but that may be seen rather relative since 
they advise how to precisely evaluate and correctly publish not fully truthful kinet-
ic numbers [36]. Hundreds of valuable kinetic publications and some more recent 
TCA papers received equally high citation response such as [38] with 180 or [39] 
with 230 citations.  

We should appreciate the pioneering role of TCA having published the first 
concise paper coining the term "heat inertia" and showing its effect on kinetics 
[30]. It is not a fault of the journal that paper [30] was overlooked and was not in-
corporated in further kinetic software. Moreover the historical data clearly show 
the key influence of kinetic studies on the TCA publication scope [36,37], recently 
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touching advanced treatises providing detailed characterization of samples by av-
eraging the temperature values at different locations within the sample [40], incor-
poration of a cooling constant [41], merging the impact of gradient [42] necessary 
to better direct future research of modern kinetics [33].   

In 1969 Paul D. Garn, a pioneer of thermoanalytical kinetics (then of the Akron 
University, Ohio) founded the North American Thermal Analysis Society 
(NATAS), becoming its first President. Presently NATAS is a large organization, 
with many sections, and remaining very active for the last 47 years. It organizes 
conferences annually, publishing their proceedings as NATAS Notes. Information 
about NATAS, and links to the other national thermoanalytical organizations, can 
be found at [43]. Garn's scientific life was not happy. He disagreed with the main-
stream of the thermoanalytical kinetics, criticized it relentlessly [34] and he was 
logically deconstructing its fundamental faults, so his arguments were systemati-
cally ignored. The other researchers were unwilling to revise their most basic as-
sumptions and "start from scratch". Only now, long after his death, his line of 
thinking seems to be getting some traction.  

Several Japanese researchers (Ihmory, Takagi, Honda) developed their original 
designs much earlier than the first European (Nernst, Škramovský, Guichard, Du-
val) and American (anonymous, later Cahn) thermobalance instruments became 
commercially available in 1950's [13,14]. Those Japanese designs pioneered the 
technique in several ways: Saito’s TG was top loading, Shibata and Fukushima 
used electromagnetic force. It was followed by other masterminds as Ozawa (non-
isothermal kinetics) and Suga (calorimetry and non-crystallinity) which was de-
tailed in our previous historical chapter [14]. 

The Eastern stream of thermoanalytical progress and 
foundation of Journal of Thermal Analysis 

The other, Eastern branch became active in the difficult times when persecution 
and discrimination of politically active scientist was common in those countries. 
The science in the so-called Eastern Block had to work in almost full isolation 
from the thermal analysis of the rest of the world. From late 1940's to late 1980's 
most of the scientists in the Soviet Block were neither allowed to communicate 
with the West, nor permitted to travel there. The Western literature was only 
scarcely available; purchasing Western instrumentation was generally out of ques-
tion. That resulted in a "schism', into the "Western" thermal analysis and "Eastern" 
one [12-14,44]. Paradoxically, that isolation from the West created some benefits 
by forcing the Eastern thermal analysts to build their own instruments e.g. the fa-
mous Hungarian Derivatograph (T+DTA+TG+DTG) [45], the only relatively easi-
ly available thermoanalytical instrument in Eastern Europe, or "Pyrometr 
Kurnakova" (DTA), thousands of which were manufactured in USSR, primarily 
for geological exploration.  
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The contributions to the thermoanalytical theory by scientists from USSR 
should not be overlooked [4,5,46] to mention just these of the hundreds who com-
bined broad scientific background with practical attitude. The mainstream 
thermoanalytical theory could benefit from both, but their books and articles, pub-
lished mostly in the Cyrylic font, remain almost completely unknown in the West.  

Cut-off from the West by the communist "Iron Courtain", the East-European 
thermal analysts were actively working towards acquiring scientific, cultural, so-
cial and political information from the free world. Contacts with Western thermal 
analysts were performed by letters, joint publications and participation in interna-
tional meetings. The very difficult access to publish internationally dictated the 
need to find local forum for thermoanalytical publications. One of them turned out 
to be the Czechoslovak scientific journal ‘Silikáty’ founded by R. Barta as early as 
1956 and long edited by V. Šatava [47]. It became famous for promoting publica-
tions in the sphere of thermal analysis [44]. Since those papers, naturally for the 
circumstances, were published in the Czech language, they did not get the interna-
tional attention they deserved. However, some of them did contribute to acquiring 
initial insight into the role of temperature gradients in kinetic evaluations [48].  

Journal "Silikaty" originated from the first Czechoslovak (more or less first inter-
national) conference on thermal analysis, mostly dealing with DA. It was orga-
nized by R. Barta in Prague as early as 1955 (titled ´Thermography Discussions´) 
[47]. That was followed by a series of thermoanalytical conferences, such as the 
1st Thermography Day (1958 in Bratislava) and the 2nd Conference on Thermog-
raphy (1961 in Prague, already with an international participation including Dr. 
R.C. Mackenzie. The most important of those events was the first international 
thermoanalytical conference behind the iron curtain: the 4th ICTA in Budapest 
1974, where the thermoanalytical West and the East had a chance to work togeth-
er, underpinning the bases of various advanced methods (cf Fig.3.).  

Fig. 3. Young scientists partic-
ipating at 1974 ICTA in Buda-
pest who represented a new 
groundswell for the rising field 
of thermal analysis; from left 
Jean Rouquerol  (*1937) [49] 
France, Wolfgang Hemminger 
(*1937) [50], Germany, Dieter 
Schultze  (*1937), [51] Ger-
many, Jaroslav Šesták  
(*1938), [17,52] Czechoslo-
vakia, Judit Simon (*1937) 
[53]  and Ferenc Paulik (1922-
2005), [45,54] both from Hun-
gary. 
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Worth noting are the Soviet conferences on thermal analysis [55] (formerly 
named ´thermography') starting in Kazan 1953 and 1957, followed by the All-
Union conferences in Riga 1962 and continued in Moscow 1969, etc. In early 
1970's other major TA conferences took place in Germany, Hungary and Poland. 
In 1972, jointly with J.P. Redfern and G. Liptay, R.C. Mackenzie started publish-
ing a periodical Thermal Analysis Abstracts (TAA), prepared by a team of re-
viewers covering the East- and West-European countries. After 20 years that ser-
vice was stopped in 1991, due to the proliferation of computers. Several books and 
articles [31,32,46,51,54-58] largely contributed to the growth of thermal analysis. 

Despite severe political difficulties Judit Simon and Eva Buzagh followed the 
example of the ´Silikáty´ and fashioned a team consisting of renowned L. Erdey, 
the F. and J. Paulik brothers, J.P. Redfern, R. Bárta, L.G. Berg, G. Lombardi, R.C. 
Mackenzie, C. Duval, P.D. Garn, S.K. Bhattacharyya, A.V. Nikolaev, C.B. Mur-
phy, T. Sudo, D.J. Swaine, W.W. Wedndlandt, J.F. Johanson  and consulting edi-
tors F. Szabadvary and G. Liptay (of this group only three remain now), publish-
ing thus the first thermoanalytical-focused  journal, in a record-short time [59]. It 
helped to facilitate the communication between the East and West. 

 

 

Fig. 4.  Celebrating the 20th anniversary of ICTA foundation: The ICTA Council meeting in the 
castle Liblice (near Prague) taking place at the occasion of the 8th ICTA Conference in Bratisla-
va 1985 (former Czechoslovakia). From left: Giuseppe Della Gatta (Persuading additional term 
Calorimetry in ICTAC, Italy), Erwin Marti (Switzerland), Jaroslav Šesták (8 ICTA program 
chair, Czechia), behind Klaus Heide (Germany), Slade St.J. Warne (ICTA Vice-president, Aus-
tralia), Hans-Joachim Seifert (ICTA President, Germany), Patric K. Gallagher (ICTA Past-
president, USA), Joseph H. Flynn (USA), Tommy Wadsen (Sweden), John Crighton (England),  
John O. Hill (Australia), Paul D. Garn (USA), Vladislav V. Lazarev (Russia), Walter Eysel 
(Germany), Bordas S. Alsinas (Spain), Edward L. Charsley (England, former president), behind 
Shmuel Yariv (Izrael, secretary).   

Kinetics became an important subject [60-63] of the two first JTA volumes, but 
again little attention was paid to DTA's theory [64]. Thermal inertia was practical-
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ly absent in JTA, and only passingly mentioned elsewhere [48]. The early JTA is-
sues contained articles on modern kinetics [65-68] including its critique [69,70].  

The 1985 ICTA in Bratislava, cf. Fig 4, became the topmost achievement of the 
Czech-Slovak thermal analysts, who bravely prepared and carried out an open in-
ternational conference in then communistic Czechoslovakia; such initiatives were 
"strongly discouraged" by authorities. The geopolitical split of thermal analysis in-
to "East" and "West" lasted forty years, the length of a typical active period in the 
life of a scientist. That schism ceased to exist in 1989, the Soviet Army withdrew 
from stationing in the Eastern Europe, so communism in Europe was allowed to 
collapse and most countries of these two 'blocks’ merged. 

ig. 5.  Budapest, Hungary, March 2015.  Honorary celebration and farewell to the long-running 
JTAC Editor-in-Chief, Professor Judit Simon. From left:  Petru Budrugeac (Romania), Peter 
Šimon (Slovakia), Alfred Kállay-Menyhárd (Deputy JTAC Editor-in-Chief since 2014), Judit 
Simon (Honorary JTAC Editor),  György Liptay (Honorary consulting Editor), Jaroslav Šesták 
(Czechia) and  Imre Miklós Szilágyi (JTAC co-editor since 2014).   

As the field of thermal analysis broadened its scope, the journal changed its 
name to Journal of Thermal Analysis and Calorimetry (JTAC)  with Judit Simon 
managing it as the Editor-in-Chief until, unbelievably, 2013, see Fig. 5, almost 
twenty years longer than the legendary TCA editor W.W. Wendlandt.  Four inter-
national publishing companies (Heyden, Wiley, Kluver, and now Springer) and 
the Hungarian Academic Publisher have been engaged in printing the journal, and 
the original impact factor of 0.2 has grown to the present 2.2, reaching that of 
TCA.  JTAC became also famous in presenting on its pages the proceedings of the 
most important conferences (ICTAC, ESTAC and recent CEEC TA).  
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Thermal analysis has reached adult status; time for revisions  

On wrapping up the history, it seems clear that the process of developing the theo-
ry of thermal analysis [3-11,47-58] has not been completed yet, and it needs a re-
vision and upgrading, which may not be welcome by some orthodox users. For in-
stance, the phenomenological theory of kinetics [8,10,17,22-26,31-39] 
demonstrates inclination to mathematical sophistication and disregard to physical 
meaning or usefulness. One such neglected aspects are the thermal 
inhomogeneities inside samples, unavoidable even in the smallest ones, since in 
thermal analysis temperature is constantly changing.  

The logistic approach [66] provides an alternative insight into the reacting in-
terfaces, based on propagation of defects, which, interestingly, resembles progres-
sion of infectious diseases. New strategies like [66], and others [65,68-70] are 
welcome, but we lack in more fundamental things, in first place we are in want of  
understanding the processes related to heat and temperature, taking place inside 
thermoanalytical samples  [71-74]. The fact that transferring heat takes time has 
been known since Newton's cooling law [75] and from the fundamental Tian's 
calorimetric equation [76]. That knowledge has not been incorporated into 
thermoanalytical theoretical treatises as much as it deserves [30, 37, 78]. On top of 
that knowledge, experiments have shown that gradients of temperature [40,72] and 
of gaseous decomposition products (if any) are inescapable even in sub-milligram 
samples [77] so ignoring them is not justifiable. Those gradients, interwoven with 
the thermal inertia, with the chemical equilibria, phase transitions and reaction 
fronts [10,78], reflect the complex and dynamically changing situation inside 
thermoanalytical samples. Such difficulties are especially severe at the high cool-
ing rates of novel chip-microcalorimetry [79,80], important in the new field of ki-
netic phase diagrams [81].  This vast range of problems has been glossed over by 
the thermoanalytical mainstream [33, 37, 50]. A new proposition for thermal anal-
ysis theory, addressing this complexity [30,40,71-74], as well as the new meaning 
of temperature while changing at ultra-fast rates [80,81], is expected to get under-
way.  

In the area of theory, a two-pronged effort is needed: abandoning some unjusti-
fiable practices, and improving the legitimate ones. Of the unjustifiable practices, 
calculating activation energy [34-36,69] and temperature [79] in situations where 
it is not sure if such calculations are legitimate at all, should be stopped by re-
searchers, and rejected by reviewers and publishers. Calculating activation energy 
for transport-controlled processes (which we often do, while no undergraduate 
student of chemical engineering would), or reporting temperature values with sev-
eral decimal places when the error margin may be one hundred degrees or more 
(in ultra-rapid quenching) is a futile "academic" exercise. The common practice of 
adding qualifiers "formal", "apparent" or "of no real meaning" to activation energy 
is a lame excuse for using inadequate models. Thermal analysis can help some 
technical disciplines such as geopolymers [82], semiconductors [83,84], biocom-
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patible inorganic [85]  and building materials and catalysts [86] in solving their 
problems, but trust will not be possible without proving the reliability of the re-
sults, and the legitimacy of the underlying theories. 

A broader definition of thermogravimetry extends beyond materials characteri-
zation and includes such uses as modeling of thermo-chemical fabrication of ad-
vanced materials or optimization of thermochemical processing of materials and 
parts. At present, most researchers who are trying to optimize processes like CVD 
or steel carburization, either do not use weight recording at all, or merely apply it 
in the ‘‘before-and-after’’ mode. Catalysis offers a rich opportunity for insightful 
thermogravimetry [86]. Reactive analytical thermogravimetry, by imposing chem-
ical reactions with gases onto the sample, determines the percentage of the com-
ponents. However, this vast R&D potential requires expansion of capabilities of 
the instrumentation. There are two classes of TG users: one is those who want 
problem-free, quick results; the other class is those who want to use TG instru-
ments for advanced research. The first group are satisfied by the present ”push 
button” design of TG's, and they do not mind that the instrument’s software denies 
the user chances to review its algorithms - allegedly because of trade secrets. The 
elegant, compact styling hides the “guts” of the instrument, and discourages the 
users from experimenting because they are afraid to damage that costly piece of 
equipment. The second class of users needs capabilities which are not offered 
now. It is highly desirable that TG instruments match the requirements of these 
two classes of users: one for routine analyses mostly required by industrial labs, 
and another that would be better suited for the scientific and industrial research. In 
addition to the present ‘‘push-button’’ class of TG instruments, manufacturers 
may consider adding an advanced, "transparent" and flexible class. On top of this, 
specialized versions of TG's could address several areas of specific applications; 
the desired 
features can be 
found in [86].  

 

 

 

Fig. 6. Book 
covers of recent 
biographical 
publications 
related to thermal 
analysis 
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The present shape and structure of thermal analysis was neither obvious at its 
conception, nor are we sure that it is the best possible. We believe that progress 
means practice-verified improvements, not just changes. Since what counts in sci-
ence is "better" rather than "new", then returning to some older thermoanalytical 
concepts mentioned here, could result in additional progress. 

Authors of this Preface are happy to have been parts of thermal analysis for fif-
ty years and contributing to it by their publications ranging from some old, 
groundwork articles [12,13,17,30,77,86] of which the "SB equation" [25] became 
the best cited paper in thermoanalytical history, to the recent ´hot topics´ ones, re-
lated to heat inertia and thermal gradients [72-74], to reliability of experimentally 
observed temperature under its fast changes [80,81], to equilibrium background 
conditions [78,] and to the summarizing books and articles [10,11,17,19,33,46,49-
52,56-58].  

Two books provide a broader view on thermal analysis: the underlying biblio-
graphical book by Bernhard Wunderlich [87] (1930–2012, citation response > 
17000, H-index > 70) thoroughly chronicles it, while Sestaks' memoirs [88], pre-
sent thermal analysis as an interdisciplinary theme connected to econophysics, en-
vironment, humanity, and even philosophy (see Fig. 6), showing also author´s ac-
complishment in art photography. 

It is worth noting that the previous two books [89,90] in this series “Hot topics 
of thermal analysis” [53] (Vol.8 and Vol. 9) reached a high popularity; they were 
ranked by Springer among the 20 best downloaded and cited publications. We are 
convinced that this third continuation, Volume 11, will perform equally nicely. 

 
 
Praha (CZ) and La Habra (US) May 2016 
 
 
 
Prof. Ing. Jaroslav Šesták, D.Sc. Dr.h.c 
(*1938, thermodynamics) emeritus, 
 Westbohemian University in Pilzen and  
New York University, branch in Prague. 
 
 
Ing, Věra Šestáková, MS(USA) 
(*1945, crystal growth technologist),  
formerly with the Institute of Physics and then 
Prague Municipal House (famous Art Nouveau). 
 
 
Dr. Jerry P. Czarnecki, La Habra, USA  
(*1937, chemist and designer of  
thermogravimetric systems),  
emeritus, formerly with Cahn Instruments. 
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1 Historical introduction 

In modern physics, temperature usually pretends to be a well-defined concept, in-
telligible for all and if not so, at least for experts. For instance, even such a critic 
and sceptic par excellence as C. Truesdell, founder of rational thermodynamics, 
explains this term by writing [1] that “The body is at each time assigned a real 
number called temperature. This number is a measure of how hot the body is” – a 
definition which is not too far from a plain tautology. On the other hand, more so-
phisticated definitions of temperature, based on statistical physics [2] or an axio-
matic approach to phenomenology [3], are rather difficult to understand and rele-
vant to non-trivial experimental situations (involving e.g. quantum interference).  

Modern thermal physics [4,5] started to develop in the 17th century with the in-
vention of the thermometer enabling quantitative studies of thermal phenomena to 
be made. This statement should not, however, be interpreted as that there was no 
scientific theory dealing with heat effects before this date. Equally wrong, is the 
widely spread opinion that, after the thermometer became a popular instrument, 
the then scholars  had a clear idea of what temperature is and, by making  experi-
ments with thermometers, were aware of what they were actually doing.      

It may be quite surprising that a very essential part of ancient natural philoso-
phy consisted just of what we now call thermal physics, and that the theories and 
hypotheses worked out by these philosophers were more than one and a half cen-
turies after the invention of thermometer still active. How was it possible to build 
up the predicative theory of thermal phenomena ignoring such a quantity as tem-
perature? To give an answer to this question, it is worth saying a few words about 
these peculiar theories.  

The most representative theory of this type, formulated by Aristotle in the 4th 
century B.C., is based on the well-known doctrine of four Elements. According to 
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this theory all objects in the nature are created of four Elements called Water, 
Earth, Fire and Air, by means of the action of four Qualities, namely Coldness, 
Dryness, Hotness and Humidity. Everybody thus consists of passive Matter and 
active Form, the Matter being a proper mixture of the Elements and the Form a 
mixture of the said Qualities (presently used in the derived term ´in-form-ation´). 
Every Element have a tendency toward its natural place in the surrounding world 
and permanently possesses two Qualities, one of which is active (coldness, hot-
ness) and the other passive (dryness, humidity). The one of which is dominant 
(primary Q) and the other submissive (secondary Q). It was believed that formal 
manipulation with graphical symbols could be helpful for the solution of particular 
problems (touching to the modern theory of graphs). The hypothetical structure of 
matter, based on such a scheme, brings about an important consequence – the po-
tential and/or intrinsic ´thermal´ property of all existing substances. Thus, e.g., al-
cohol, gun-powder and pepper are intrinsically hot substances, active with respect 
to other bodies, while opium and snow are examples of intrinsically cold materi-
als. Moreover, the antagonistic nature (so called contraria) of different Elements 
and Qualities ensures eternal changes and movements of all things in the universe, 
in close analogy with well-known effects due to the combination such as love-hate 
in human society. These changes are, however, not completely free, but are sub-
mitted to the remarkable principle of antiperistasis controlling the relationship be-
tween two active Qualities (coldness and hotness). The principle can be verbalized 
such as the properties of everything which are bound up with coldness/hotness 
tending to increase where the body is surrounded by a hot/cold environment. This 
principle is akin to the more modern Le Chatelier - Braun principle which pro-
vides, in many cases, correct qualitative predictions concerning the direction of 
thermal processes. A typical example consistent with the principle of antiperista-
sis originates from Oinipides of Chios (5th Century B.C.), i.e.: “Water in a deep 
well shows in winter the smallest degree of coldness, while in very hot days it is 
extraordinarily cold”. Interestingly, this statement keeps actually valid and is not 
only a consequence of our subjective feelings, but has been confirmed by hydro-
logical studies. There are numerous successful applications of the principle of an-
tiperistasis, but there are also cases where it completely failed. For example, the 
dissolution of black gun-powder containing saltpetre led, contrary to expectation, 
not to the warming up but to cooling. Such exceptions were either neglected or 
used for discussion of other weak points of the doctrine. The most important prob-
lem, crucial for the theory, was the so-called problem of primum frigidum. While 
there was no doubt in which Element the hotness dwells (of course in fire) the 
primary seat of the coldness remained uncertain. This made the conclusions of the 
theory not to be very plausible. The problem of primum frigidum was never solved 
and disappeared only with the whole theory. 
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2 Temperatura and thermoscope 

In spite of the fact, as we have seen, that the concept of temperature was superflu-
ous for the general description of natural processes within the framework of Aris-
totle’s theory, the term temperatura was frequently used by ancient physicians 
well before Avicenna (11th Century A.D.). Such a temperatura was in a close con-
nection with the individual temperament (later used in the concept of econophys-
ics) and was given by a certain mixture of four Qualities which was necessary to 
maintain the Form of the tissues of the human body in a proper healthy state – 
homeostasis. But, in fact, these ancient physicians did not know how to determine 
this evidently crucial parameter. Probably the first attempt to define the state of 
the human body by objective physical measurements came from a group of Italian 
scientists at the beginning of the 17th Century. For example Sanctorius (Santorio) 
studied experimentally the forces exerted by muscles, the content of various fluids 
in the body and the frequency of pulses using a pulsologium – an apparatus de-
vised by Galileo. He tried, also, to measure an immediate characteristic of tem-
perament, i.e. temperature, by means of a modified version of a very old device 
called a thermoscope, which had already been described by Philon of  Byzantine 
(3rd Century B.C.) and Heron of Alexandria (1st Century A. D.). The thermoscope 
enabled Sanctorius to judge the degree of the patient’s temperature and then to 
choose the proper medical treatment. This conversion of a curious toy into a 
measuring device and the intentional application of the data obtained for some 
purpose, have all the features of an effective discovery. However, during the sec-
ond half of the 17th Century there were in use an advanced form of thermometers 
for medical and meteorological purposes, namely those constructed by Guericke 
and by the members of Accademia del Cimento in Florence who also invented the 
closed fluid-type thermometer. Besides research reports, a box with original in-
struments was discovered in the last century by Antinori. The following peripa-
tetic (i.e. Aristotelian) explanation of a thermometer function was put forward. 
Coldness in the external air activates the hotness inside the bulb which then es-
capes most likely into the solid wall of the bulb. This process changes the ratio be-
tween the Qualities of the enclosed air, in other words its Form. The depleted 
Form of the air has obviously a smaller volume and the resulting empty space has 
to be immediately filled by water due to the horror vacui - nature’s abhorrence of 
a vacuum. 

There is a long story [1-18] describing the connotation development of 
thermoscope and thermoscopic states, adjusting fixed temperature points and 
bringing into play the important Mach’s postulates [19] saying that fixed points 
can be ordered, to every fixed point can be ever found a fixed point which is low-
er/higher and the interlaying fixed point can be ever constructed in terms of math-
ematical set theory [20]. These free Mach’s postulates were put into a more con-
densed form by Mareš [17,18] declaring that the set of fixed points is an infinite 
countable ordered dense set having no first and no last point. Thus the hotness se-
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ries and empirical temperature scales were defined [17-22], applying the Carnot’s 
principle and Kelvin’s proposition [23,24] as well as using ideal gas scale and cal-
ibration of Kelvin’s scale. It has been revealed in more details in our previous pa-
pers [9-16], particularized by Mareš [15-18] and was a special chapter [16] in our 
previous book Volume 9.    

3 Temperature definition  

A thermodynamic temperature was probably firstly defined by Maxwell [25] in 
the second half of Nineteen Century by the words: „The temperature of a body is 
its thermal state considered with reference to its power of communicating heat to 
other bodies that body which gives out heat is said to have a higher temperature 
than that which receives heat from it.” Further a thermal equilibrium by “If when 
bodies are placed in thermal communication neither of them loses heat or gains 
heat, two bodies are said to have equal temperatures or the same temperature. The 
two bodies are then said to be in thermal equilibrium”. It became often unwritten 
aspect of early thermodynamics [29-30]. The geometrical flavour of which can be 
noticed with the formulation of the zero-th law of thermodynamics defining tem-
perature without addressing thermal equilibrium. That is: “if bodies’ Tb1, Tb2 and 
Tb3 are in equilibrium states it signifies that Tb1 is in thermal equilibrium with 
Tb2, and Tb2 with Tb3, then Tb3 with Tb1”. This law strongly resembles the first 
axiom of Euclidean geometry (≈ 300 BC) that is “things equal to the same thing 
are equal to one another”. This historical, so called Carathéodory's scheme [3,31-
33] of the classical thermodynamics representation for closed systems, postulates 
the concept of an "equilibrium state" following Gibbs (legendary Gibbs spoke rou-
tinely of a "thermodynamic state") though neither explicitly using the phrase 
“thermodynamic equilibrium”, nor explicitly postulating the existence of a “tem-
perature” which would require a certain definition [28,29,34]. Therefore if three or 
more systems are in thermal contact with each other and all are in a mutual equi-
librium, then any two taken separately are in equilibrium with one another. Con-
sequently if one of the three systems could be an instrument calibrated to measure 
the temperature, i.e., a thermometer [22,35,36] which is placed in thermal contact 
with a measured system reaching the required thermal equilibrium - we then pos-
sess a quantitative thermometric measure of the temperature of the system in the 
succession of being its physical property/quantity.  This clearly shows that if they 
are not in a static (collective) equilibrium then the thermometer produces incorrect 
reading of a false measure. In other words, that thermometer is only measuring its 
own temperature-like state; being just a sensor's readings hardly of a scientific in-
terest. This is a clear denunciation indictment of the nowadays popular tempera-
ture scanning during sample rapid-quenching methods [37,38]. 

The measuring of temperature is thus an operation that is very deeply related to 
the temperatures equalling called equilibration [26-29]. When putting a thermome-
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ter into a medium the temperature of an active part of the thermometer (e.g. a ves-
sel with a liquid whose current volume is calibrated in the temperature degrees) 
usually has a different temperature than that of the surrounding medium. We must 
wait for a moment till the active part of the thermometer reaches the temperature 
of the medium. Then the figures read at the thermometer may be identified with 
the temperature of the medium. This is a very familiar experience well-known to 

everybody (remember the meas-
uring the body temperature via a 
classical medical thermometer). 

Many “definitions” of tem-
perature are “hand-waving” but 
plainly hollow; examples “tem-
perature is well acknowledged 
from the basic courses of phys-
ics” [4,19,21,26-29] or even 
“temperature is known intui-
tively” A shockingly frank defi-
nition says: “Temperature is the 
digital numeral, read on the tem-

perature-sensor's display". The progress in the sensitivity of temperature sensors 
(from materials volume expansion (glass-mercury), single thermocouples, ther-
mopiles, printed circuits, to the latest integrated chips) is tremendous. However, 
this progress in sensitivity (even down to several decimal digits) by no means has 
been matched by improvements in accuracy. Actually, that gap is widening, due to 
the unresolved problems of the heat transfer during measuring temperature. This is 
an area awaiting a serious research  

Even when analysing such a simple example we reveal several problematic 
points of the temperature measurement [18,19,22,26,30]. First, the active part of 
the thermometer should be small in comparison with the measured (part of) sys-
tem. Namely, if it were not so the original temperature of the thermometer itself 
could impudence significantly the measured datum. Second, the slower equilibrat-
ing of the thermometer with its surrounding the more problematic may be the fig-
ures given by the thermometer if the temperature of the measured medium is vary-
ing. Namely, then there is no time enough for equilibrating and the datum given 
by thermometer may not express the medium temperature correctly.  

The both problems seem to have the solution consisting in the assumption that 
the active part of the thermometer is negligible small. Nevertheless, such an as-
sumption cannot be generally used since the active part of the thermometer should 
have an unambiguously ‘definable’ temperature, which is a macroscopic concept. 
In other words, it cannot be arbitrarily small. It reveals another problem, namely, 
if the temperature of the thermometer is ever denoted. If the active part of ther-
mometer is not in equilibrium for instance, what is then the meaning of the ‘ther-
mometer’s temperature’? In fact, the temperature as a quantity measured by a 
(macroscopic) thermometer is ever an averaged concept.  
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If we accept that the thermometer can be hardly a point-like structure, we 
should take much care of the problem of measuring the temperature in speedy 
thermal processes. This question plays an essential role for instance in the thermal 
analysis [39] where the relation of structural or other material changes and the 
precise value of a current temperature of the sample is very important. The crucial 
problem in situations when the measured thermal field is rapidly changing is the 
fact that we cannot simply identify a taken datum of the thermometer with the 
temperature of a piece of the medium at the same moment. To determine a time 
delay may be an important task for practice (e.g. when evaluating rapid measure-
ments of thermal analysis).  

The calculation exploited further on reveals a more general viewpoint. Namely 
when noticing that any small part of the medium may be understood as some 
(natural) thermometer we discover the concept of self-measurability. The fact that 
the temperature field may become a measure itself is deeply related to the process 
of equilibration during the heat transfer. The condition of self-measurability thus 
may be used as a constitutive law that is much more general than the Fourier law. 
The general questions concerning self-measurability [40] are under investigation. 
As a nontrivial example, we outline the problem of very rapid thermal processes 
when the Fourier law cannot be applied.  

4 Temperature as an averaged concept  

The fact that the thermometer is not a point-like structure has an important conse-
quence, namely that the temperature is generally an averaged quantity. The aver-
aging need not mean only a step from microscopic description to macroscopic one 
– e.g. by using the procedures of statistical physics – but also various operations at 
the macroscopic level. For example, the measuring of temperature is more or less 
an averaging procedure (at macroscopic or middle so called mesoscopic scale). As 
a simple example, let us imagine a familiar thermometer: A vessel with mercury is 
emerged in a liquid and we measure the change of the volume of the mercury so 
that the pressure in the vessel may be supposed to be constant. The scale is cali-
brated in ´degrees of temperature´ by using some formulas of equilibrium thermo-
dynamics relating the density of mercury, , with its temperature under a given 
pressure, , ( ). There are various thermal processes in liquid 
(e.g. the temperature of the air varies from place to place during a day) and no per-
fect thermodynamic equilibrium can be assumed within a finite (confined) region 
at a moment.  

The thermometer’s vessel is a small (but finite) part of the system and thus the 
temperature within it cannot be supposed to be constant. Nevertheless, we can 
measure the volume of the mercury regardless if it is or is not in thermal equilib-
rium. Let  be the temperature field within the thermometer’s vessel. It corr e-
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sponds with the local density . The measured temperature is 
thus an averaged value 

. (1) 

Let us notice that the assumption of a local temperature field  plays no 
meaning in the measured procedure – we measure the averaged density regardless 
if it is related to a temperature field. In the other words, the first part of formula 
(1) defines an averaged quantity which is identified with the temperature.  

Another example is more theoretical than of a practical use. In any non-
equilibrium situation in a rigid heat conductor we can assign the temperature to 
any (finite) part of the medium at any time t by the following procedure: Let us 
isolate this part adiabatically from its surrounding at the time t and wait till the re-
gion get into equilibrium. Its temperature, , where  is internal ener-
gy of the region, then define the temperature at t (i.e. in past). Because the internal 
energy of the region cannot change during the adiabatic isolation this temperature 
is in fact defined by the formula  

  (2) 

where  is the field of the volume density of internal energy. The both e x-
amples lead to the same averaging formula, namely  

.  (3) 

There are also definitions of temperature by a measuring procedure defined not 
over a spatial region but over a surface. For example, we assign to a region in 
thermal non/equilibrium the temperature as follows: We put the region at time t in 
the full contact (along the whole boundary) with an equilibrium bath whereas the 
temperature of the bath is chosen in a such way that the current (total) heat flux 
between the bath and the region is zero at this moment. Then the temperature of 
the heat bath is assigned to the region at t and called the contact temperature [42]. 
Assuming that the thermal interaction is local the contact temperature depends on 
an average of a quantity (or quantities) on the surface of the region.  

5 The self-measurability  

Let us imagine a thermometer with a spherical active part. This part is finite and 
has the radius,  and the volume . We assume that the thermal field  con-
tinuously goes through the medium as well as the active part of the thermometer. 
The datum given by the thermometer, , is an average of this field ov er the ac-
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tive part. Being motivated by the formula (3) we define simply the temperature 
measured by the thermometer whose centre is at the point ,  

, (4) 

 
where  is a ball with the centre x and the radius .  

When assuming the continuity of the thermal field on the border of the active 
part [43,44], we may identify the temperature of the medium around the ther-
mometer, , with the other averaged quantity, namely  

, (5) 

where  is the boundary of the ball  with the surface .  
Now we use the Taylor expansion in spatial coordinates of the averaged quanti-

ties   and   and get the important formula, 
 

,  (6) 

where  is the spatial dimension of the studied system, usually .  
Let us assume that the temperature field in the active part of the thermometer 

obeys the Fourier law of heat conduction, . Since  we 

can use the heat conduction equation on the right-hand side of (6) and identify   

with  .  As a result we get  

,  (7) 

where  

.   (8) 

The formula (7) has a clear meaning: the measured datum, , corresponds 
with the (averaged) temperature of the medium, , with the time delay .  

As expected, this delay tends rapidly to zero when . That means that the 
datum of the thermometer with a small active part gives a good approximation of 
the current temperature of the surrounding medium. Nevertheless this conclusion 
is valid only if the assumption of the validity of the Fourier law may be used. That 
it cannot be the general case is simply seen from the condition (8). Namely it im-
plies that a typical velocity of this equilibrating,  
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 ,  (9) 

 
tends to infinity when since 

 
. It corresponds to the fact that heat 

propagates at infinite speed.  
It implies that the diffusion equilibrating of temperatures is a useful approxima-

tion that cannot be, however, strictly valid. This problem is well-known for many 
years. More than fifty years ago, Cattaneo [45] proposed a correction of the Fo u-
rier law,   , leading to the hyperbolic heat conduction equation,  

     (10) 

The equation (7) may be written simply in the form 

.   (11)  

It says that the temperature given by thermometer at any time moment t is a cor-
rect temperature of the surrounding medium at a slightly delayed time . In 
other words, the equilibration may be understood as a certain ´transfer´ of infor-
mation about the temperature of the medium into the thermometer. It takes a time 

 that depends on the characteristic dimension  and possibly on other parameters 
of the active part of thermometer. Notice that the presence of a real thermometer 
(or its active part being in contact with the medium) plays no role. In other words, 
we may do the derivation for an arbitrary small spherical piece of the medium.  

The thermal equilibration within the medium thus provides some self-
measurability [40,43] of the field : small pieces of media keep at any time mo-
ment t information about the averaged value of the field  in their nearest sur-
roundings at a previous moment . The equilibration thus guarantees that 
pieces of media work as measuring device giving continuously delayed informa-
tion about their surroundings.  

The problem is, however, that the Fourier law may not be valid in special situa-
tions or for special materials. In gases, for instance, the molecules at places with 
higher temperature carries higher kinetic energy and thus the random molecular 
movement gives, at average, a net flux o f energy (the heat flux) opposite to the 
temperature gradient as predicted by the Fourier law. This flux, however, is lagged 
by a time  of the order of magnitude of the mean free flight, that corrects the Fo u-
rier law as . If the time  plays a role in our experimental 
setup, this lag cannot be neglected and we get different kind of equilibration de-
scribed by the Cattaneo law [45]. Similar lagging arguments may be used in solids 
(see e.g. a comprehensive review in Refs. [46]). A special situation occurs in met-
als when the electron gas is immediately heated up while the metal lattice remains 
cold. A highly non-equilibrium state thus arises and the process of equilibration 
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includes also a complicated thermal interaction between the electron and phonon 
gas [47,48]. This equilibration cannot be described by the simple Fourier law too.  

The self-measurability condition is, however, much more general than the Fou-
rier law of equilibration and can be used in the above mentioned situations [43]. 
Independently of which constitutive law governs the heat conduction there are al-
ways situations at which the self-measurability condition has to be identified at 
certain times and points. At standard diffusion processes, this condition is fulfilled 
at all situations, but the class of processes having this property is much broader. 
For example if the sign of the averaged temperature gradient over the ball surface, 

, implies the opposite sign of the current heat flux from the ball, the self -
measurability condition becomes valid at all situations [40]. A very important sit-
uation when the self-measurability condition has a nontrivial meaning is as fol-
lows. After a sudden heat impact of a piece of metal by a short-pulse laser, the 
electron gas is immediately heated up while the metal lattice remains cold. A high-
ly non-equilibrium state [50] thus arises and the process of relaxation - the equili-
bration between the electron and phonon gas - gets going [47]. Using the self-
measurability condition we get a hold of the hyperbolic heat conduction law 
[43,48,49] which falls beyond the scope of this chapter.  

6 Particularity of thermal analysis 

Let us reiterate that the temperature as a physical quantity is a numerical measure 
of hot and cold. The so called hotness manifold was specified by Mareš [15-18] 
from Mach´s ´Mannigfaltigkeit der Wärmezustand´ [19] where the latter term 
means thermoscopic state) only when the sensor is in a completely intimate (of 
zero resistance) contact with the object, and when the rate of the temperature 
changes is moderate. Mareš has demonstrated [15-18] that the thermoscopic states 
can be analysed in details showing the fixed points upon the Mach´s postulates de-
termining the empirical temperature scale as a hotness series. The Carnot’s theo-
rem [23,24,51] is also mapping the hotness manifold on basis of a subset of real 
numbers conformal with the other terms entering the energy balance equation. In 
such a case the temperature is confirmed as an intensive quantity, ℑ ≡ T, and heat 
as the extensive quantity, Χ ≡ ς, quantified as caloric, ς, casing thus a couple of 
conjugate variables when obeying dimensional equation of the form: [Energy] = 
[T ] × [ς]. This approach was well described in our previous papers [23,24] on al-
ternative thermodynamics so that there is no need to do it again. Similarly the 
1848 Kelvin’s proposition [52] is somehow more innovative toward the definition 
of temperature scale, and it is independent on the type of thermometer and the 
thermometric substance. Kelvin proposes to treat Carnot’s theorem as a funda-
mental postulate of absolute authority, pointing out that the purpose of a Carnot’s 
function is to modify the difference of temperature measured in a particular em-
pirical temperature scale in such a way that it could serve as a exact proportional-
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ity factor between the work, ∆L, and heat, ς, (in textbook thermodynamics normal-
ized to an integrable fraction Q/T, called entropy, S, [23,24,51-53]). As this factor 
∆L, according to Carnot’s postulate, has to be the same for all substances, Kelvin 
suggested defining a universal (in his terminology “absolute”) temperature scale 
just by prescribing a proper analytical form of Carnot’s function. For example, 
giving the Carnot’s function the simplest permissible analytical form, namely the 
caloric gauge F’(*T) being equal one, then it reads ∆L = ς (*T2 −*T1), again thor-
oughly explained in [12,16,18, 23,24]. 

That heat-exchange rate is a fundamental feature [53], determining the basic 
conditions of all thermoanalytical measurements [54-56]. As such, when defining 
our extended thermodynamic system, the principal quantities (temperature T or 
others like pressure P) must be also expressed as functions of time if needed, i.e., 
T=T(t), P=P(t) or generally any intensive parameter ℑ=ℑ(t). Therefore in the so 
called dynamic thermal analysis [54,57], a description of the sample's environ-
ment, to be adequate, requires inclusion of not only the values of T or P and other 
ℑ, but also of their time-derivative, namely that of temperature T’ (= dT/dt = β). 
Please note that the apostrophe (‘) signifies time derivatives, and the bold italic 
letters (ℑ, T, P) represent functions. If assumingly rigorously under standard (even 
if idealized) thermoanalytical conditions of constant heating/cooling rates, T’= β, 
the generalized thermodynamic function Φ  [54]  (alike the standard Gibbs energy, 
G, but extended) of a given thermal state is specified by the set of intensive pa-
rameters T, P, ℑ. For thermal analysis is, in the first approximation, satisfactorily 
defined Φ  reads as Φ = f(T, T’, P,ℑ). Worth of a distinguishing concern is the 
fact that function significance of this constitutive thermodynamic potential Φ  is 
not distorted by including the first temperature derivative, T’. So it keeps its le-
gitimacy [54,56] as 

 Φ = f(T, P, ℑ) ≡  f (T, T’, P,ℑ).   (12) 

However, it is invalid for any further inclusion of higher derivatives of T’’ such 
as f(T, T’, T’’, P, ℑ) [40,41]. This process is certainly applicable for any other de-
rivatives of intensives P, ℑ,  etc. It follows that for any experimental inconstancy 
in β (≠ dT/dt), the state function, Φ, must contain the second derivative of tem-
perature, T’’, i.e., f(T, T’, T’’, P, ℑ), which, however, does not allow the custom-
ary amalgamation of established thermodynamic laws and their conventional 
mathematical processing. Moreover, in such a case the temperature connotation 
(as well as of its derivatives T → T’→ T’’) may become inexact and thus ques-
tionable when taking into account the above definition of temperature. Similarly 
the thermodynamic data obtained under extreme condition (like rapid temperature 
changes during quenching), such as Cp or ∆H, may not possess traditionally de-
signed figures and thus should be presented under special connotation. However, 
this fact stays often unnoticed in most practical cases of extreme thermoanalytical 
experiments. 
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Even the steady temperature reading of heating furnace/thermostat is time and 
again in use as the actual temperature for the heated sample instead the true tem-
perature measured e.g. on the sample surface. It is worth declaring the yet unfa-
miliar term ´thermo-kinetics´ [10,57] (derived from Greek word κινηση = motion, 
movement) which shares out states neither in equilibrium nor under steady states. 
For such off-equilibrium states the temperature field T(x) in the sample (local inte-
rior temperatures) changes with time [58]. All such states existing during heating 
or cooling are unsteady variable states so that any province of usual thermoana-
lytical experiments is based on unsteady states and, as a consequence, on measur-
ing the non-equilibrium temperatures [42,50,59,99,100]. Using heat transfer equa-
tions we are able to estimate the temperature field (radial profile) for the applied 
linear heating rate (β = dT/dt) in a thermally inert (without transitions or reactions 
initiated mere by the change of temperature) sample [56,59] as “a stabilized tem-
perature profile” (dependence of temperature on coordinates) – e.g. for the coordi-
nate r (= radial distance from the rotation axis in a cylindrical sample with infinite 
height) as  

T(r,t) = T(t0) +β [(t-t0) −(R2 -r2)/4a]   (13) 

assuming T(r,t) = T(t0) +β (t-t0),  where r is distance of position to axis (r = 0) of 
cylinder, r is the external radius of cylinder, T0 is the initial temperature at time t0, 
and a = λ/(ρC) is the thermal diffusivity, respectively. The instantaneous average 
(weighted) temperature Tave (t) through all volume of the sample is then given as 
[57] 

Tave = T(r,t) - β R2/8a  (14) 

We are able to indicate only temperature on and near to the sample surface TsS 
= T(r ,t) and it follows that the difference between the surface and the average 
temperature is proportional to the product of heating rate and sample diameter, β 
r2. 

7 Introducing a novel term ´tempericity´ for extreme 
temperature changes  

During the entire course of special techniques applying rapid thermal  changes 
during e.g. quenching [37,38] this premise is evidently violated since a significant 
amount of heat is flowing between the considered bodies, raising the question 
where is the reliability limit of such a separated but integrated measurement of 
heat and temperature under a process of their mutually linked rapid changes. In a 
way we can perceive a certain similar with the Heisenberg quantum limit (which 
precludes simultaneous determination of a fast-moving particle's velocity and po-
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sition) so that a simultaneous measurement of both heat and temperature may be 
unfeasible when conducting measurements under an extremely rapidly changing 
temperature [60]. For such cases of measuring judgmental temperatures when they 
are changing extremely rapidly a formulation of new terminology may be neces-
sary [59], namely when inaugurating instead of an operational quantity (the sen-
sor´s thermoscopic reading) a new quantity necessary to replace the traditional 
physical quantity. Such a new operational term for extraordinarily off-equilibrium 
temperature can be based on the Greek root ‘temper’ (temper ∼  ορισμός ) produc-
ing term "tempericity" [56,59]. Many new terms sounded strange initially, when 
they were proposed. However, on looking at table I, tempercity does not seem to 
be an odd term. 

It is worth attention that tempericity brings a narrowed relevance than the 
originally anticipated temperature just applicable under extraordinarily extreme 
conditions (e.g. quenching) while another nickname tolerance (introduced in a 
generalized connotation of temperature as a mean property) comply with increase 
of tolerance along with the matching increase of temperature. It is relevant to the 
degree of disorder in hierarchical, democratic and anarchical states of tolerance 
toward chaos. Tolerance has found application in an all-purpose describing solid, 
liquids and gases as order models of society the understanding of which is within 
new field of the so called thermodynamic economy (≈ econophysics) [61,62]. 
Again, that goes beyond the scope of this chapter. 

In this respects we should recall somehow forgotten and unfamiliar proposition 
of thermotics (resembling the traditional terminology as ‘mathematics’ [10,57,63]) 
residing behind the science of heat and based also on the Greek origin, apparently 
used as early as in 1837 [63]. American physical chemist R. Tykodi (1925-2015) 
made an attempt to revive thermotics [64-66] in 1960's as a term which could be 
conjectured in usage equal the 1946 version of ‘energetics’ provided by the Dan-
ish physical chemist J. N. Brønsted (1879-1947) [65] closely connected with the 
implication of temperature. In this view the thermotics has managed to survive as 
a thermal science comprised of three sub-branches [10,57]: thermo-statics (per-
taining to the ordinary classical equilibrium aspects of heat), thermo-dynamics 
(relevant to those aspects for which time variation is important), and finally 
thermo-staedics (concerning the aspects that become temporally steady) as an-
other forgotten sphere suitable to cover the growing field of thermal analysis 
[5,10-12,57,67]. Regretfully, thermal analysis [6,7,55], with its challenges of tem-
perature and heat flow under non-equilibrium conditions [53,58] was never appro-
priately situated within the fields of the traditional thermodynamics [21,25-30] 
and its proper position can be seen in the Table 1. 

Table 1 Branched view to the spheres of alternative thermo-dynamics 

Thermometry,  
Calorimetry 

Steady transport proc-
esses 

Thermal analysis Processes involving 
rapid changes 

Sadi Carnot Fourier, Fick, Ohm Golding, Tykodi, Schick ´chip´ fast- 
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Clapeyron Brønsted  scanning calorimetry 
Carnot line 
(dissipationless 
work) 

Fourier line 
(workless dissipation) 

Tykodi line 
(adjoining near- 
equilibrium thermo-
dynamics) 

Rapid temperature 
changes 
(off-equilibrium) 

Clausius 
(classically based on 
thermodynamic 
laws) 

Stokes and Kelvin par-
ticularities 

Brønsted & Tykodi 
particularities 

Newton cooling law 
(non-steady gradients, 
thermal inertia) 

THERMOSTATICS 
Gibbs – phase equi-
librium 

THERMODYNAMICS 
Calusius-Duhem inequal-
ity of irreversible reproc-
esses 

THERMOTICS 
generalized reproc-
esses irreversibility 

THERMOKINENTICS 
Instable states, 
unsteadiness 
(unsolved yet) 

T = constant with 
ideally zero changes   
dT/dt = 0 

dT/dt = constant ≅ β, 
 dT2/d t2 = 0 

β  ideally constant 
but often dT/dt   
varying,         at least 
dT2/d t2 ⇒ 0 

dT/dt arbitrary ≠ β  but 
equal to                       

(λ/C)∇ T ⇒            
(λ/C)∇ 

2T dT2/d t2 > 0 

TEMPERATURE TEMPERATURE 
up till now yet  

TEMPERATURE 
novel 

TEMPERICITY 
Calorimetry, elderly 
DTA theory (by 
Boersma, Borchadt, 
Vold, Berg, Soule) 

Onsager relations DTA theory involv-
ing gradients and 
thermal inertia 
(Gray, Holba) 

Updated theories      
Sertorio, Jou, etc. (yet 
waiting development) 

8 Thermodynamics under a non-constant-rate of temperature 
changes: methods of observing sample rapid quenching  

Let us analyse more special cases of rapid temperature processing [37,38,60] 
which became now a popular method of the so called ultra-fast isothermal calo-
rimetry using thin film sensors [60]. Although the kinetic phase diagrams [5,68-
70] are configured as a stabilized consequence of previous quick temperature 
changes (≈ quenching [56,69]), we are anyhow focusing our attention on the resul-
tant low-temperature measurement of the constrained high-temperature edge-
states. Even if declaring the experimental details of quenching process we do not 
include them in the entire description of our thermal scrutiny by any detailing the 
route of temperature changes - it is just a manner of experiential preparation. The 
analyses of individually elaborated states are consequently done by standard (so 
called low-temperature) thermoanalytical methods where thermodynamic princi-
ples are yet ´preserved´ [55,56,68-70]. Certainly it includes the expected problems 
induced by temperature transfer [43], thermal inertia [71,72] and formation of 
temperature gradients [42,72,73], which was already noticed in the past paper by 
Smyth [73] and approved in details in our book chapter [72] in the previous Vol-
ume 9.   
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Experimentalists are often proud of their ability of measuring temperature un-
der extremely quick changes [60, 74-76]. Some thermoanalytical papers provide 
the measuring precision with many decimal places, but the accuracy is of a lesser 
concern even. It applies to special methods, too, even if weighted up. In other 
words, the temperature values that we produce and observe in rapidly-changing 
processes are precisely repeatable, alas, far from the real values; moreover, we do 
not know how far. We need to have full knowledge of the structure of the trans-
port processes [53,77] including temperature measurements in such extreme con-
ditions aware of the specificity of structure of novel chip measurements [78]. 
Some of the needed improvements are elementary, e.g., measuring truer sample's 
temperature instead that of the simplified outer heat zone of the furnace, working 
out the mean sample temperature instead its surface's value [72,79,80], etc.; that 
however, falls beyond the subject of this paper. Of special interest are those phe-
nomena which are especially active during the transient temperature changes. At 
first we need to analyse the fluxes needed for such an irreversible off-equilibrium 
processes [58,77,81-88].  

The relationships in those fluxes resemble those well known in areas other than 
thermal research detailed in our previously published chapter [77], i.e.   

• the basic Newton law F = m a where force F is related to mass, m, and accel-
eration, a 

• the essential law of heat transfer q = λ∇T (Fourier [81,82]) and  
• the parallel laws of diffusion  J = D ∇c (Fick [83]) and  
• of the analogous electric flow I = r ∇u  (Ohm [84]).  

We use the symbol ∇ collectively for thermal flux ∇T, for electrical potential 
∇u and for gradients of concentration ∇c together with conductivityλ, diffusion D 
and resistivity r. These can be easily found in literature [53,77,82]) as well as the 
well-known Onsager reciprocal relations for the area of irreversible processes 
[58,86-88]. 

In spite of practically identical forms [77] of these fundamental relationships 
providing a class of linear phenomenological transport equations [77,81-87] there 
remain large differences in their physical content; such a large diversity in the na-
ture of the processes described by the same mathematical form, should serve as a 
serious warning before making superficial analogies, or before rushing to conclu-
sions about a process mechanism. Impact of transport constitutive relations to the 
generalized carrying behaviour is detailed in our book chapter [77] affecting in 
limit, e.g., quantum features of diffusion [79]. 

 It is worth of a remark that the most difficult part of establishing the Fourier’s 
and other similar fundamental relationships was not finding their mathematical 
form (which appears to be rather simple [77]) but finding the definitions and the 
physical interpretation of the quantities involved, or even the proof of their very 
existence [77]. In a way it implies the abovementioned law of thermal inertia 
[71,72,90] where the mass is replaced by the material's heat capacity, Cp, and the 
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acceleration by heat inertia, (d2ΔT/dt2) [55,57,90] so far neglected in thermoana-
lytical literature [91,92] with the exception [39,93-95]. 

The empirically determined pre-factor in Fourier equation is repeatedly dis-
sected into the product of quantities having more straightforward or already 
known physical interpretations. For example the thermal conductivity is usually 
written in the form  λ = a/(Cpρm), where a means the thermal diffusivity intro-
duced by Kelvin as an analogue of diffusion constant, Cp specific heat capacity at 
constant pressure and ρm  the density of the material. In such a way it is commonly 
applied in thermal analysis for describing the condition of ideal cooling [70], 
where we assume infinitely high coefficient of heat transfer. Thus the cooling rate 
β becomes proportional to the sample thickness d (i.e. 1/d2) while for the Newto-
nian cooling mode, which is controlled by the phase boundary, β  correlates to 1/d 
only. In practice we may adopt the power relation β = 1/dn (where 1 ≤ n ≤ 2 is an 
experimental constant). For illustration we may present the example of cooling, 
which is close to ideal, with the proportionality coefficient, Λ = 104 [J m-2 K-1 s-]1 , 
frequently displayed for several real materials. We can guess the limiting lowest 
cooling rates of 102, 106 and 109 [K/s] for the critical sample thicknesses d of the 
respective 10, 5.10-2 and 10-3 [mm]. The latter value of thickness is very small, 
scarcely attainable even by intensive laser glazing [96], which works with very 
thin layers and assures intimate contact of the in situ melt sticking on the surface 
of the solid support. In fact it is imagined by the surface-printed microchips used 
in sophisticated calorimetry [75,76,78,79].   

In that novel method of high-cooling-rate thin-film-chip nano-calorimetry [75] 
the direct analysis of the quenching process exhibits the rates of the observed tem-
perature changes of the order of 104 K/s. The samples are pre-melted and thinly 
spread on the microchip surface which used for detecting temperature. Construct-
ing of a thin-film microchip module on a submicron silicon nitride membrane 
therefore opened extensive capabilities in reading normally hidden aspects of 
processes. Sensitivity of such thin-film-chips equipped calorimeters are reportedly 
very high primarily due to the very small addenda produced by the miniature cell 
itself. Such a cell consists of a thin-film heater deposited on a silicon nitride mem-
brane. The heater simultaneously serves as a resistive thermometer [60,78]. Thus, 
the heat capacity of ultra-thin-films are negligible and even when impaired by, 
e.g., the added polymer crystals, as well as any nanoparticles and nanostructures, 
it is small enough to enable investigation at ultra-fast-heating rates, up to the as-
tonishing 105 K/s.  

Near-adiabatic conditions were achieved when the cell was additionally placed 
in vacuum. Historically, in the pioneering days sensors were self-constructed, but 
at present a number of commercially available microchip modules [78] can be 
widely utilized as sensors for such an updated thin-film nano-calorimetry. Con-
sensually, the measurements at controlled heating and cooling rates at around 104 
K/s were performed and published while, e.g., studying processes of re-
crystallization [97], etc. 
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A question arises about such extraordinary fast temperature changes whether 
the detected values keep the meaning of a true sample temperature, and how to 
calibrate temperature under such extreme changes, since the danger of deep un-
dercooling [69] and disturbing metastability occurrence was noticed as early as in 
early 1970's [98]. Despite the apparent successfulness of these special microchip 
techniques providing a new insight of material behaviour otherwise unattainable, 
we must question the reliability of figures provided by such temperature sensors. 
They reflect the temperature only to some degree always displaying some sensor´s 
numbers which the labourer may identify associable with the meaning of tempera-
ture. For that reason we proposed to call such sensors reading as tempericity 
[57,59]. Therefore ´temperature-called´ data obtained at the astonishing rates of 
million Kelvin’s per second [38] may, of course, be rightfully questioned [56-
59,68,80].  

9 Practical aspects of non-equilibrium temperatures due to heat 
inertia and thermal gradients 

Immediate and local values of thermodynamic variables under off equilibrium are 
a long lasting enquiry [41,42,58,99,100]. A frequent displaying non-equilibrium 
temperature [41,42] is due to time delay, i.e., hindered temperature adaption of 
any coupled object under study to the imposed temperature of environment. In the 
framework of conventional thermal research this phenomenon, often known as 
heat inertia effect, has an analogous impact as mechanical inertia having sample 
mass replaced by its thermal capacity and acceleration by the second derivative of 
the temperature divergence [90]. Its impact is usually ignored at the processing of 
outputs of thermoanalytical experiment despite its legitimacy well known since 
the Newton cooling law [94,101,102]. In the other words it is a delay of the sam-
ple (and/or reference) temperature with respect to a temperature demanded by the 
externally applied heating program. At DTA (as well as spontaneous heat flux 
DSC) the simplest refinement means [71] making use the adequate equation in-
cluding often absent term dΔT/dt, i.e. for DTA:  

ΔT = Reff  (− Cs dΔT/dt − ΔH dα/dt) ⇒  dα/dt  ≠ - ΔT/ADTA (15) 

where ∆T (= Ts – Tr) is the difference between sample and reference temperatures, 
dΔT/dt is the time derivative of this difference, Reff (T) is the effective thermal re-
sistance of heat flux, Cs is the heat capacity of sample, ∆H is integral change of 
enthalpy (corresponding to the process occurring inside the sample), α is degree of 
the conversion of this process, dα/dt is then the rate of the process and ADTA = ∫ ΔT 
dt ≡ R eff ∆H is the area of DTA peak (in Ks units). It worth attention that for a 
spontaneous heat flux DSC: Jq = – Cs dJq/dt – ΔH dα/dt  ⇒  dα/dt  ≠ - Jq /ADSC, 
where ∆T (= Ts – Tr) is difference between sample and reference temperatures 
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transformed (calibrated) into heat flux (in W) between the sample and reference. 
So that dJq/dt is then the time derivative of this heat flux using Reff (T) which is de-
termined by calibration at several temperatures and ADSC = ∫ Jq dt ≡ ∆H is the area 
of DSC peak (in W). During any process inside the sample the temperature of the 
sample Ts is not equilibrium temperature as it differs from that linearly increasing 
or decreasing reference Tr (or other temperature Tenv representing thermal state of 
the sample surroundings (e.g. Tblock at DSC) as a consequence of self-cooling or 
self-heating due to the running process inside the sample. 

The corrections included in Eq (10) are not quite sufficient because also in the 
case of no self-heating or self-cooling (at α =0) the temperature in sample centre 
Tc  is other than temperature on sample surface TsS as it is shown in [72] different. 
This is a reason why at compensation DSC (Perkin-Elmer) method the displayed 
temperature of sample is neither fully representing the temperature of sample al-
though no correction on thermal inertia is necessary and the condition ∆T = 0 (or 
Jq =0) is guaranteed by compensating device. The temperature of sample surface 
does not represent the temperature of sample when temperature field inside sam-
ple is not uniform due to self-cooling or self-heating but also by minute non-zero 
heating or cooling rate. Besides at thermogravimetry, where thermometric (ther-
mal) contact with the sample is usually far from being perfect we do not know the 
true temperature and the form of TG curve can be moreover determine by the rate 
of heat transfer between the surroundings and the sample as it was well noted by 
Gray [103]. 

Best example of a nontrivial choice of what is a true sample temperature is il-
lustrated in the Fig. 1, where various representations of the workable temperature 
scanning are revealed including the impact of inertial term. First let us account on 
the customary experimental setup of so-far standard reading of the difference be-
tween temperatures of the sample surface S and that of reference R, i.e. TS – TR = 
ΔT⇒ θR It is worth reminding that TR is regularly identified with the heating pro-
gram, i.e., the temperature of furnace surface. This standard reading output can be 
corrected on the heat inertia θ´R and transferred to the reaction rate, α´R. However, 
this ordinary procedure does not truly account on the factual sample temperature, 
which (in the first approximation) is just TS (not assuming gradients yet) but not 
that imposed by external heating TR. Therefore another more truthful reading 
ought to be related on the factual difference θS between the sample surface tem-
perature TS and the averaged temperature of the sample Tave which is related to the 
truthful sample temperature itself. Such a truer but yet unusual approach under-
standably change the standard reading θR providing a ´deformed ´ but truer θS dis-
torting the previous reaction picture and providing the dissimilar rate values, α´S. 
Certainly this new portrait is leaving an unanswered question what kind of data we 
have ever kept measuring and publishing. It follows that any consequent calcula-
tion of specific kinetic data (typically activation energy values) with several deci-
mal places is inconsequential as such an ordinary reporting temperature measure 
θR involves the error margin reaching perhaps several degrees or more (not talking 
about ultra-rapid quenching). The common practice of adding qualifiers "formal", 
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"apparent" or "of no real meaning" to published data is an irrelevance excuse for 
using inadequate practice of temperature observation. 

Fig. 1. Illustrative 
model outline of two 
possible temperature de-
pictions adjusted during 
DTA measurements. 
Symbol θR is a standard 
DTA record providing 
heat inertia background 
θ´

R and consequential re-
action rate α´

R  (blue 
dashed) while that with 
subscript S (red) is an 
innovative depiction of 
the temperature differ-
ence now related to the 
sample factual tempera-
ture alone having evi-
dently flatter course. 

It touches the quandary of ever involved temperature gradients in the studied 
solid samples which is known for long as early exposed by Smyth [73]. His par-
ticular 1951 model was analyzed in more details in our previous chapter [72] the 
computer calculation of which provided almost identical temperature profile for 
given instant, as documented in Fig. 2. Moreover the chapter [72] deals systemati-
cally with particular cases of modelling of temperature gradients so that it is not 
necessary to reiterate. Worth noting are three individually treated models depicted 
on the right hand side of Fig. 2, drawing attention to its practical operate under a 
strict and/or a continual separation of temperature allocations. It was emphasized 
that the mean effect of temperature gradient and its variability inside the sample 
(the term proportional to the rate dθSmean/dt of the difference θSmean between the 
outwardly measured temperature of sample holder TR and the temperature Tave 
which is averaged over its whole volume [72]) is practicable and capable for the 
introduction to both the private and commercial practice of instrumentally avail-
able software.  

The gradient affairs are important in practical evaluation whilst forming a spe-
cific part of kinetically aimed analysis. The thermokinetic model by Lyon at all 
[79] describes the effect of thermal diffusion, internal energy generation and 
chemical kinetics on the sample response in differential, nonisothermal analysis.. 
The distorted reaction rate results from internal energy generation and thermal dif-
fusion and is interpreted as kinetic effects. In terms of the maximum reaction rate, 
the thermokinetic model provides a simple analytic relationship between the sam-
ple mass, heating rate and measurement error for chemically reacting solids in 
nonisothermal analyses was found consistent with numerical calculations 
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Fig. 2. Left is the Smyth´s 1951 
sketch of gradients added by our 
own calculation of one line (thick 
red). Right is a schematic pattern of 
some abridged cases of temperature 
gradients possibly participating in a 
solid-state transformation (shown 
within simple spherical images 
where light blue areas are reacted 
and orange areas are initial unre-
acted material). 

Farjas and Roura [80,104] 
shown that in non-isothermal 
kinetic studies during the 
processes taking place at the 
same temperature range, the 
separation between peaks ob-
tained at different heating 
rates increases steadily when 

the activation energy diminishes. They have also shown that in non-isothermal 
analysis, the different heating rates should be equidistant in a logarithm scale. In 
addition, the temperature range analysed by non-isothermal measurements is rela-
tively narrow, typically few hundreds of Kelvin while the heating rate is varied 
over three decades. It follows papers [104,105] criticizing the widely cited treaty 
on kinetic evaluation by Kissinger [106] which is the subject of a parallel chapter 
10 of this volume.   

Regarding the manifestation of temperature gradients in case of the fast scan-
ning calorimeters (FSC), Svoboda [107] has shown that even for the micrometer-
sized samples significant temperature gradients can be established either within 
the sample or on the borderline between the sample and the calorimeter chip. This 
is especially true for the samples with poor thermal contact like, e.g., micro-grains 
or flocks (in contrast to pre-melted thin films directly attached to the chip, repre-
senting an ideal thermal contact), where in addition to the always present air gaps 
certain liquids are often used to supposedly enhance the thermal contact. The ma-
jor distortion of the FSC structural relaxation signal obtained for amorphous Se 
[107] was explained in terms of the temperature gradients occurring within the 
hemispherical sample. The FSC signal was deconvoluted by using the theoreti-
cally modelled a-Se relaxation curve (with the parameters obtained from conven-
tional DSC) as a deconvolution function. The weighing coefficients distribution 
obtained from the deconvolution was found to well agree with the heat propaga-
tion profile derived for the following simplified assumptions: linear temperature 
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gradient, roughly similar heat conduction and radiation, negligible self-cooling ef-
fect. In this regard the diffusion-less structural relaxation phenomena appear to be 
suitable for identifying and quantifying the thermal gradients under extreme con-
ditions. 

Another unreciprocated dilemma is the true temperature during the so called 
modulated temperature measurements where temperature stepwise changes are 
imposed underlining the otherwise constant heating. Practically the standard heat-
ing is modified by externally applied variation on steady temperature profile ad-
justing its immediate profile to become often sinusoidal and/or stepwise devia-
tions. However, the factual temperature profile [72] in the sample was calculated 
for a model sample showing its minute changes and true inner temperature profile 
switching up and down inside a real body. Despite this reflection the widely popu-
lar methods involving modulations are providing valuable results. The truer tem-
perature outline of which is worth of a further reflection, see Fig. 3., in order to 
approve its validity.  

 

 
Fig. 3. Bottom are shown standard records of steady increasing temperature (blue dashed) and 
imposed recurring temperature changes (one period - thick orange) while above is revealed the 
true variance of temperatures inside the sample bulk (red). 

A special attentions needs the process of calibration applied to DTA-peak pro-
files using externally launched heat pulses, inserted either by Joule resistivity heat 
inside the sample bulk [108-111] or by externally applied flashed laser pulses. 
[111-114]. The analysis of which has been widely examined [94,113] becoming a 
standard equipment for the determination of solid-state thermal properties. It was 
graphically shown in our previous papers [90,115] and identifiable in the parallel 
chapter 15 of this volume. In particular the as-measured DTA feedback on the ex-
ternally applied heat-pulse was corrected by the instrumental software of our 
providence [109] and that by the company Netzsch [112] yielding a rectified peak 
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comparable with the input shape when using the corrections inserted by differen-
tial method [118-111] and matching integral method [111-114]. It returns to the 
beginning of this paragraph showing the inevitability of such corrections yet not 
familiar in the thermoanalytical practice [71,115].  

10 Conclusions  

The measurement of temperature is not so trivial procedure as it may be seen from 
everyday accustomed practice. Such measured values depend essentially on the 
fact that ever-existing thermal field has a permanent tendency to equilibrating. In 
normal everyday situations the process of temperature equilibrating as an active 
part of the thermometer in the interaction with its surrounding is often faster than a 
typical duration of the change of thermal field  - nevertheless we have to wait for it. 
Moreover a small error connected with an imperfect equilibrating is negligible. 
However, the situation becomes different when the precise value of the tempera-
ture has to be known at a given moment of progressing time and temperature 
which is a typical situation in thermal analysis. Besides, a sample of material may 
be miniature and the temperature field of which arises inconstant over the sample 
and across its contacts. To correlate chemical, structural or phase changes at a 
small part of a sample with their precise active temperature would occur very im-
portant. That is why the procedure of the temperature measurement should be 
studied in more details [72,76,80,90] and not assumed customarily trivial.  

The same appraisal uncertainty applies for the validity conditions of textbook 
thermodynamics when taking care about inherent nonequilibrium, i.e., equality of 
a thermodynamic function f(T,P,...) and its yet justifiable extension f(T,T’,P,P’,...) 
where the first derivatives T’,P’, etc., have got to be constant (T’’=0). For small 
deviations (T’’→0) the standard formulae are yet productively applied. For high 
changes (│T’’│> 0) the thermodynamic description become ambiguous and 
mathematically unclear [1,41,42,48,58,99,100] and accordingly the standard ther-
modynamic values (∆H, Cp, λ,...) lose their classical tabular meaning which may 
turn out as a subject of wrong interpretation. Heat transfer under extreme rates as 
well as for ultrathin and nano-scale media (e.g. nano-cellular foams) may even 
drastically increase due to ballistic and scattering effects, photon tunnelling, 
Brownian consequence, etc. [48,49], which, however, falls beyond the scope of 
this chapter. Temperature alterations due to nano-scale thermodynamics is a sub-
ject of other chapters in this Volume 11.    

Anyhow, we should be conscious that data displayed on thermometer under 
conditions of nonisothermal heating and/or cooling are not standard (i.e. equilib-
rium) temperatures corresponding to the zero-th law of thermodynamics and may 
not be interpreted as ´temperatures´ under every occasion where second deriva-
tives T´´ become influential. The proposed terms ´tempericity´ for measurements 
under extreme temperature changeability may sound strange initially, however, 
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whilst regarding historical development of terms and also on looking at Table I, 
coined tempericity does not seem to be an odd term at all. Moreover, the routinely 
observed temperature of a studied solid sample TS is not equal to the programmed 
(ideally simplified) temperature TR adjusted by heating regime since the sample 
shows some positional and internal characteristics, thermal inertia due to its heat 
capacity. Furthermore its temperature is influenced by self-cooling and/or self-
heating due to the process running inside the sample. Therefore a classical DTA 
setup is producing certain idealization even though it well characterizes the sam-
ple thermal changes. For integral analysis (calorimetry) it emerges OK, however, 
for kinetic interpretation of true transformation such an idealized choice of tem-
perature location may bring a confusing impact (cf. Fig. 1.).  

Factually, standard information on the temperature of solid sample, Ts, at a 
given time t does not represent its instantaneous and intimate thermal state (i.e. ra-
tional thermoscopic state) nor its average (weighted) temperature, Tave. Often it is 
merely temperature detected on the spot/range of sample surface. Truer thermal 
state of the solid sample can be represented by momentary temperature field inside 
[72,79], which can be expressed for a given point with coordinate r (e.g. radial 
distance from vertical rotation axis) of infinite cylindrical sample, simply as T(r). 
Such a temperature field depends on size/dimensions of sample, on heat-
ing/cooling mode and becomes mutually connected with the space distribution of 
transition degree α (r). 

Perceptively truer knowledge of the thermal state of solid sample would be 
necessary for construction of new generation of kinetic models (which we may 
call thermokinetic models, see Table 1) expressing local kinetic equations in a 
specified form 

dα (r)/dt = F (α (r), T (r)).  (16) 

The modified 2nd Fourier law [81,82] (still assuming a simplified form of infi-
nite cylinder [72]) should be applied for the relation between the local transition 
rate dα(r)/dt, local degree of transition α (r) and local temperature T(r) (where λs , Cs 
and ∆H are respectively standard sample heat conductivity, sample heat capacity 
and integral enthalpy of transition. Then [57] 

(dα(r)/dt) = {[d2T(r)/dr2 (1 + 1/r)] (λs/Cs) - dT(r)/dt}/(∆H/Cs), (17) 

The actual form of which may become appropriate when fittingly applied for 
any position of r. However, such an innovative approach to nonisothermal kinetics 
would require not only a newly inspired researcher philosophy but also a novel 
experimental techniques allowing verification of such spatial kinetic models. This 
proposition returns factually to the early call for an alternative kinetic route as to 
provide instead single values of activation energy its spatially sequential orderli-
ness [115].    
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Introducing equilibrium and off-equilibrium thermodynamics  

In view of a non-stationary character of near-equilibrium conditions of thermal 
analysis we have to discriminate three gradual stages of our thermodynamic de-
scription related to the intensive, ℑ,  [1] and extensive , X, parameters. This case 
is predominantly associated with temperature, T, and its linearly programmed 
changes, β =  dT/dt [1]:   
 
(Classical) Equilibrium      Near-equilibrium                Off-equilibrium 
ℑ,  (dℑ→ 0)            ℑ, (∆ℑ, dℑ /dt = const)         ℑ, (dℑ /dt, d2ℑ/dt2 ≈ const) 
T, (dT → 0)                T, (∆T, dT/dt = β)              T, (dT/dt, d2T/dt2 ≈ const) 
 

Any closed system under investigation is defined and described by the energy-
conserving approach to equilibrium, which in its limit subsists factually a state of 
‘thermal death’. The counterpart in thermoanalytical dynamics brings the reality 
of external fields which give and take away energy to the system without being 
modified. Still further, we can consider thermodynamics of an open system with 
two thermal baths providing the possibility of thermal cycles. We may go on as-
suming several baths getting closer and closer to the description of a real multi-
plicity situation in nature through so called Irreversible Thermodynamics [2] 
which, however, is not easy for everyday application.   
Therefore, in classical thermodynamics (understood in the yet substandard nota-
tion of  “thermostatics” [3]) we generally accept for processes the non-equality in 
term of entropy dS  ≥  dQ/T accompanied by a statement to the effect that, alt-
hough  dS  is a total differential, being completely determined by the states of sys-
tem, the counterparty heat dQ is not. This has its very important consequence that 
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in an isolated system, dQ = 0, entropy has to increase, however, processes move 
towards equilibrium and the equilibrium state corresponds to maximum entropy. 
In actual non-equilibrium thermodynamics, the local entropy follows the formal-
ism of extended thermodynamics where gradients are included and small correc-
tions to the local entropy appear due to flows, making dS/dt  ≥  dQ/dt (1/T). In 
continuous systems the local increase of entropy can be then defined using the lo-
cal production of entropy density, σ(r,t). For the total entropy change, dS, consist-
ing of internal changes and contributions due to interaction with the surroundings 
(source, i ) we can define the local production of entropy as σ(r,t)  ≡ diS/dt ≥ 0. Ir-
reversible processes [2] obey the Prigogine evolution theorem on the minimum of 
the entropy production and hence S = Sdis + ∑source, where ∑source> 0.  
We can produce disequilibrium operating from the outside at the expense of some 
external work, ∆Wext> 0 (using the classical Gibbs terminology and function, Φ) 
and once the system is taken away from its equilibrium we can consider ∆Wext as 
∆Φmax, now understood as the maximum obtainable work. We can relate the ratio 
of ∆Wext  to  ∆∑source  as the inequality greater than zero. For ∆Wext  → 0 we can as-
sume the ratio limit to catch the equality ∆∑source/∆Wext = 1/T( = ∂S/∂U, where U 
is the standard internal energy). It is important saying that the arrow of thermody-
namics goes in the direction of the increased entropy (or dissipated energy) that 
was embedded in the disequilibrium situation. This is another representation of the 
second law of thermodynamics leading us in a natural way to think in terms of 
disequilibrium potency. If there is no disequilibrium we must spend energy to 
generate it granting to bring alive the needed driving force. Nevertheless, if dise-
quilibrium is already given, we may think of extracting energy from it. As a result, 
the ratio ∆∑source/∆Wext can be understood in terms of heat flow in view of the ef-
ficiency of Carnot’s ideal conversion η = 1 – T2/T1 to become  ∆∑flow/∆Wideal = 
1/T2 . An advanced equation for the efficiency η of a semi-ideal heat engine oper-
ating at maximum power under irreversible heat transfer becomes, however, η =1 
– √T2/√T1 [4,5]. It comes up with a new content: before we talked of energy that 
was dissipated we have to point out the energy, which is actually extracted. Ther-
modynamics is thus a strange science because it teaches us simultaneously: how 
both the Nature and our active artifact system behave. 

Thermodynamic legitimacy when assuming the effect of 
programmed temperature changes at the constant heating rate 

 Let us first talk about the standard procedures applied to thermoanalytical 
experiments under the orthodox constant heating, β. A primitive self-assurance of 
the reliability of these traditional thermoanalytical examinations can be based on 
the quotation of heat exchange Q’ (= dQ/dt) between the sample and its surround-
ings. It is thus customized as a fundamental feature, specifying experimental con-
ditions of all thermal measurements [1-3]. As such, it must be reflected by the 
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fundamental quantities when defining our extended system, i.e., the principal 
quantities (temperature, T or pressure P) must be also expressed as functions of 
time, i.e., T=T(t), P=P(t) or generally any intensiveℑ =ℑ(t). Therefore a sufficient 
description of the sample environment in the so called dynamic thermal analysis 
requires specification, not only the traditional values of T or P (and other ℑ) but 
needing also particular inclusion of the time derivative of temperature, T’ (= dT/dt 
= β), respecting thus the kind of dynamic environment. Please, note that the apos-
trophe (‘) signifies derivatives and the bold italic letters (ℑ, T,P) functions.  
Hence, the state of material can be characterized in terms of material (constitu-
tional) functions [1] of the following type V = V(T, T’, P), S = S(T, T’, P),  or 
generally, Φ = φ(T, T’, P). Let us write the basic energy equation in forms of flux-
es, i.e., U’ = Q’ – PV’ or as a general inequality relation, 0  ≥U’ + TS’ – PV’, 
where primes again represent the time derivatives. Substituting the generalized 
thermodynamic potential, Φ, the above inequality, eventually complemented with 
another pair of  (ℑ↔X’), is changed to, 0  ≥ Φ’ + ST’ – VP’). Now we can substi-
tute the partial derivatives from material relations into the inequality of the state 
function, φ (T, T’, P), or 0 ≥  [∂φ/∂T + S] T’ + [∂φ/∂P – V] P’ + [∂φ/∂T’] T’’. 
According to the permissibility rule, the above relation must hold for any allowed 
process and for all values T and P (and furtherℑ), as well as for their derivatives, 
which can thus be chosen arbitrarily and independently. For T=0 and P=0, it is re-
duced to its last term, i.e., 0 ≥ [∂φ/∂T] T, which can be solved for all T only if 
[∂φ/∂T] = 0. Consequently, the constitutive state function φ (T, T’, P) cannot de-
pend on temperature derivatives T’ and its form reduces to the simple initial φ (T, 
P) known from textbook thermodynamics. The term temperature remains here 
fully justified. In the same way we can eliminate the second P and any other term 
ℑby accounting the pairs T – P, or generally T –ℑ. It, however, does not apply to 
the inclusion of the second derivative T’’ = d2T/dt2 (i.e. inconstant T’ = dT/dt ≠β) 
and the new-fangled state function φ (T, T’, T’’, P) which does not allow the ap-
plication of standard thermodynamic relations and thus the entire term of tempera-
ture may request a revision.  
However, the analysis of the entropy term of the first expression is more difficult 
[1-3] because it can be split into two parts, i.e., equilibrium related entropy, Seq = 
S(T,T’=0, P), and the complementary term, Si = S – Seq, or0  ≥[∂φ/∂T + Seq] T’ + 
[S – Seq] T’. For the fixed values of T and P it takes the form of an analytical rela-
tionship, 0 ≥ aT’ + b(T’)T’, involving variable T’, with b(T’) approaching zero, if 
T’→0. Such an inequality can be satisfied for arbitrary T only if a=0 and if 
b(T’)T’≥ 0, i.e., if ∂φ/∂T = Seq and [S – Seq] T’≤  0. The resultant relation repre-
sents the dissipation inequality - providing the term S = S(T, T’, P) is negligible 
or, at least, sufficiently small. This is a reasonable portrayal of a quasistatic pro-
cess for which the standard relationships of classical (equilibrium) thermodynam-
ics are valid to an agreeable degree [2] In conclusion we can emphasis that we do 
not need to make any special notional adjustments for thermoanalytical experi-
ments carried out under β = constant. However, this presumption (of β = constant) 
is not perpetually legitimate because of the real experimental arrangement and in-
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volved heat obstruction, e.g., sample gradients and inertia, difference between 
temperatures of the sample acceptor and the furnace source, the steady change of 
later is often misused as the sample true temperature for kinetic calculation [3]. 

Requirement for a certain driving force in order to accomplish 
transformations 

Any system to carry on a transformation needs to include a certain driving force 
[3,6] which in the focus of solid-state transformations is usually located from an 
overheating or undercooling, ± ∆T, embedded between the equilibrium tempera-
ture, To and that of an immediate state, T. This is well exampled for crystallization 
of melts graphically portrayed in Fig. 1.  

Fig. 1. (left): Inclusive diagram of the mutually overlapping patterns of nucleation and growth 
showing that if nucleation curve goes first before the growth curve (bottom left), the overall crys-
tallization process (bottom right) is straight-forward (upper) towards the formation of solid crys-
talline product upon cooling. However, if their sequence is opposite (growth curve preceding nu-
cleation) the crystallization becomes difficult because the early process of growth is hindered by 
lack of nuclei so that such a case requests seeding to trigger growth, which appeals for greater 
undercooling. The cooperative position of the curves, and the degree of their mutual overlapping, 
then determines the feasibility of overall processing, e.g., the ease of crystallization and/or oppo-
site process of vitrification, for the latter the nucleation curve should be delayed behind the 
growth curve as much as possible. Entire dependence of ∆G for the new phase formation on the 
nucleus radius, r, under temperature, T, by way of the increasing undercooling, ∆T (= T – Teg) 
provides certain the critical values. That is the threshold size necessary to uphold the nuclei to 
exist (circles) decrease (dashed line) as the change ∆G1→2 is generally proportional to the ratio 
∆T/Teq. Assuming Teq ≅ Tmelt and introducing reduced values Tr = T/Tmelt and ∆Tr = (T – 
Tmelt)/Tmelt the common approximate solutions can be developed convenient for practical applica-
tion: 
Model         ∆H              ∆S                ∆G           surface energy, γ          critical ∆Gcrit 
Constant     ∆Hr ∆Hr/Tr        ∆Hr/∆Tr ∆Hr               ∆Hr/(∆Tr)2 
Linear       ∆HrTr ∆Hr Tr/Tr        ∆Hr/∆Tr Tr ∆Hr Tr              ∆Hr Tr/(∆Tr)2 
               or ∆Hr/(∆Tr Tr)2 
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Right: Scheme of the construction of the nonisothermal C-T curves (upper) from the known 
shape of the isothermal T-T-T diagram in the coordinates of temperature (vertical) and logarithm 
of time (horizontal). Shade areas put on view the difference between both treatments. Below 
there are shown two real cases, C-T curves calculated by the approximate method of Grange and 
Kiefer [7] (dashed line) and by the direct method suggested by MacFarlane [8] (solid lane). The 
curves are drawn in the comparison with their associated, classical T-T-T curves derived for the 
following sample alloys of Pd82Si18 using the data for its critical cooling rate, φcrit = 2 x107 [K/s] 
and right – Au72Ge14Si9 with φcrit = 7 x 103 [K/s] [3]. 

The widespread representation of such a thermodynamic process needs incorporat-
ing time, t, often represented by the form of so called T-T-T diagrams (Transfor-
mation-Temperature-Time). However, for continual temperature changes it is 
transformed to C-T diagrams (Cooling-Temperature) see the right part of Fig. 1. It 
was found that the characteristic ratio of temperature of the curve nose (Tnose) to 
its value of melting Tm falls in the range from 0,74 to 0.82 with the value 0.,77 be-
ing most typical. Illustrative cases of a detailed analysis applied to experimentally 
well known system anticipating incorporation of various approximations and ma-
terial characteristics are available in [13,14]. The methods evaluating solidifica-
tion behavior from cooling curve were practically treated as an assortment of 
methods [8-11] such as computer-aided cooling curve thermal analysis (CA-CCA) 
thus becoming an important topic endeavor.  

Innovative sphere of ´kinetic phase diagrams´ when 
incorporating radical temperature changes  

A quarter century ago we coined a new field called kinetic phase diagrams [12-
17] as a continuation of previous attempts [6-8,18,19] to describe phase relations 
of systems studied irregularly under extreme changes of the externally imposed 
experimental conditions. It has become an extension of the standard theory of 
phase equilibria [20-26] applied to phase boundaries giving confidence to the de-
velopment of experimental methods used for such ´nonstandard´ investigations 
[16,26]. It gave the impetus to the extensive physical-chemical program aimed at 
the compilation, tabulation and interpretation of phase diagrams of substances in 
practically all the fields of natural science and technology [19-26].  
The theoretical foundation of thermodynamic analysis of the metastable equilibria 
occurring due to martensitic transformation was laid in late thirties of the twenti-
eth Century when transformation of austenite to martensite was calculated for the 
given content of carbon (to include strain energy of the crystal network rear-
rangement, interfacial energy, undercooling, as well as under the use of activities 
instead concentration). It changed the classical view to a ‘true equilibrium’ ap-
proach by admitting that the shape of experimentally determined phase diagrams 
can be affected by the ‘degree of equilibration’ altered during the experiment it-
self. The best example is the history of SiO2 – Al2O3 phase diagram which was 
continuously studied two hundred years. The interpretation of its high alumina re-
gions varied from the experiment to experiment according to the duration of the 
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system annealing (from hours to weeks and even years) and was indicated to ex-
hibit both the incongruent and congruent melting point. This experiment can be 
generalized that the resulting data can be prejudiced by the experimentalists’ view 
on what is appropriate experimental arrangement and adequate processing of the 
system resonance in order to attain equilibration in the reasonable time. In fact, a 
really true equilibrium is ideally achievable only during almost limitless ‘geologi-
cal-like’ processes. Actually available rates of experimental measurements fall, 
however, within the boundary area of so-called ‘thermodynamically imposed’ 
(somehow intense) conditions. The introduction of real conditions to the existing 
thermodynamic description must refer to the state of local equilibrium, whether 
the rates of changes of state (macroscopic variables) are comparable with the rates 
of elementary (molecular) processes, which determine the state of the system at 
the microscopic level. It is often related to the ratio of ∆T/∆t <<〈T〉/τT and/or 
∆T/∆x <<〈T〉/λwhere ∆T is the variation of temperature at macroscopic level dur-
ing the time interval, ∆t, (or over the distance, ∆x), where τT is the matching peri-
od of the elementary thermal motion of molecules or their mean free path, λ, at the 
given average temperature 〈T〉. 
It was perceived granted that any new phase can be formed only under certain 
non-equilibrium conditions of a definite driving force, ∆µ> 0, aware that at the 
equilibrium no new phase can ever originate. The conditions of particular points 
at which the phase transformation takes place are further determined by the 
transport of energy (heat) and mass (diffusion). Thus we must study both the tem-
perature and concentration changes (and distribution) in the system under a real 
investigation and their time adjustments in connection with the initial state, exper-
imental impact and boundary conditions (interfaces). So there arises a question 
how to correctly interpret the experimentally determined phase diagrams which do 
not fully comply with equilibrium conditions, the divergence being dependent on 
the experimental routine when approximating to the factually applied and thermo-
dynamically mandatory conditions. It would requires deeper knowledge of meta-
stable and unstable phase equilibria, which would also promote the application of 
the thermodynamics of irreversible processes in new branches of science and 
technology and may bring about the discoveries of new phases and of the yet un-
known (often longed-for) properties.  
Hence, it follows that the existing phase diagrams can generally fall into three 
groups regarding their practical validity and applicability. There can be located 
those having the relevance in order of: 

1. Scientific age, suitable for tabulation of equilibrium data, adjusted with 
respect to the achieving as equilibrated state as experimentally realizable. 
It is often assumed that the equilibrium be arrived from both sides of 
equilibration, e.g., upon heating and cooling, too.  

2. Livelihood, good enough for everyday use of a scientific generation in the 
sequence of years and wholly functional to prepare materials durable 
longs enough to be defined as stable and measurable under experimental-
ly accessible conditions. 



7 

 

3. Given instant relevant for a given experimental purpose, respecting par-
ticularity of a given arrangement and often freeze-in functionality (kinetic 
phase diagrams) to get the ready-to-use material of unusual properties to 
last for a certain limited period. It becomes a subject to the method of 
experimental observations, see. 2. 

 

 

Fig. 2. Left: Hypothetical α↔β binary eutectic-peritectic phase diagram showing critical points 
and phase separation lines (thick solid). Light shadow reveals equilibrium areas while dark shad-
ow areas affected by metastability which, e.g., affects the experimentally observed DTA peak 
thermal responses.  Prolonged thin lines with arrows reveal possible tendency of a metastability 
contour extension. Right: the shadow areas are depicting equilibrating processes of due to mass 
transfer resulting in consequential grains layering in the vicinity of hyperperitectic (above) and 
peritectic (below) sites.  

Intensive cooling as a nonequilibrium thermodynamic status of a 
certain sample ´autonomy´ 

Current metallurgy bears the long known consequences of certain non-equilibrium 
effects arising during equilibrium solidification, i.e., phenomena recognized as 
metastable phase formation and specific coring and surroundings, see Fig. 2. 
They indubitably occur in the vicinity of all characteristic (e.g. invariant) points 
[12-19] of phase diagrams. In the case of coring, the melt under solidification does 
not include sufficient time to follow equilibration process along the balanced 
curve of solidus, which is caused by insufficient mass transport towards the phase 
interface. The precipitated grains, whose centers are closer to the equilibrium 
composition than their core-layers grown later, are the typical result. In the second 
case of surroundings, the originally precipitated phase starts to react with the re-
maining melt on reaching the peritectic temperature developing a new peritectic 
phase. It requires the atoms of one component to diffuse out from the melt to reach 
the phase interface. The thicker is the layer to cross, the slower the diffusion pro-
ceeds, particularly if the atoms of the second component must diffuse in the oppo-
site direction through the solid layers to counterpart the reaction. This, evidently, 
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must imply certain non-equilibrium conditions even if assumed under the equilib-
rium solidification and the consequent modification of the notion: phase ‘equilib-
rium’ composition, which is gradually becoming irregular (often layered, cf. Fig. 
2), regularly affected by the diffusion-driven self-organization [27]. Supplemen-
tary elimination of such non-equilibrium concentration gradients is usually ac-
complished by subsequent thermal treatment to allow equilibrating rearrangement. 
Similar phenomena are regularly accoutered when single crystals are grown from 
foreign melts, their concentration gradients being dependent on the concentration 
changes in the matrix melt. These gradients are again a subject of secondary re-
moval often by specific thermal treatment or by melt agitation.  
 

Table 1: Some qualitative dependence of the solidification/melting parameters on the extreme 
external and internal alterations (assuming three orders changes)  
_________________________________________________________________________ 
Resulting change ⇒           Tf              ∆T          Cliq∆ ~ Cliq – Csolid      G              growth rate 
Inserted increase ⇓ 
Internally adjusted 
diffusion transport 
D ~ 10-6→ 10-3 m2/s      decrease       increase       increase          decrease              increase  
Externally applied  
cooling rate                     radical 
Φ ~103→ 106 K/s           increase       increase       increase          decrease              increase 
Internally adjusted 
Size of particles 
r ~ 105→ 102 nm           decrease       increase       increase          decrease              increae  
_________________________________________________________________________ 
where Tf ,  ∆T, Cliq ,  ∆ ~ Cliq – Csolid and growth rate G are respectively the temperature on the 
solidification front, Tf  - Teq  = ∆T temperature undercooling, attuned concentration of the liquid 
phase, resulting concentration difference on the solidification front, and the growth rate of solid-
phase formation. Changed parameters are diffusion coefficient, D, cooling rate, Φ and particle 
size, r.  

 
On the other hand practical aspects of mastering successfully the technology of 
rapid cooling are long known in material science (instigated in metallurgy and tai-
lored for glassy metals). It deals with the so-called rapid solidification (or simply 
the process of quenching) where the meaning ´rapid´ can be taken to imply a 
short-time interval between initiation and completion of solidification and high ve-
locity of propagation of the advancing solidification front [24,28,29]. It occurs ei-
ther directly, as a result of coupling between external heat extraction and the 
transport of latent and specific heat required to propagate the solidification front, 
or indirectly during the recalescence that follows nucleation of solidification at 
large undercooling. 
For a system that cannot follow the experimentally enforced (usually rapid) tem-
perature changes, the boundary lines shift almost freely along both the concentra-
tion and temperature axes. Thereby the regions of unstable phases are formed to 
be described in terms of the kinetics of the physical-chemical processes (especially 
fluxes of mass and heat). Such a truly kinetic phase diagram is fully dependent 
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upon the experimental conditions applied (cooling rate, sample geometry, external 
fields, measuring conditions) and can portray materials, which state become fixed 
at room temperature by suitable freeze-in techniques [23,30]. It is best treated ex-
actly in the case of a near-stationary process conditioned by e.g., Focker-Planck 
equation, Monte-Carlo method or other stochastic process theory [28,29] requiring 
higher state of mathematics  such as the linear kinetic segregation model by com-
paring its predictions with the results of Monte-Carlo simulations for both a well-
mixing systems and a phase separating systems. [31] 
It is complicated by the introduction of local cooling rates and degrees of under-
cooling in bulk and at interfaces and a mathematical solution requires very com-
plicated joint solution of the equations for heat and mass transfer under given 
boundary conditions as well as that for the internal kinetics associated with phase 
transition on the solidification front [13,14]. Evaluation yields interesting depend-
ences between the undercooling, concentration, linear growth rate and cooling 
rate, as simply demonstrated in Table 1 adding together with the effect of particle 
size discussed in the following paragraph. 

Fig. 3: The portrayal of state sequences (axis: temperature ↑ vs., concentration→) are illustrated 
along the increasing cooling impact from (a) to (d) likely affecting the particle core by stepwise 
de-enveloping (below left) which is compared with a mechanical process of gradual reduction of 
grain size (similarly diminishing the interface, below right). Shaded areas on left display the 
shifted nonequilibrium areas in limit resulting in disordered (glassy) state, which in diminishing 
nanoparticles yields a similar crystal-order-less state it is clear that the consideration based on a 
single particle approach is simplified and inaccessible in practice of compact samples composed 
of assembled particles. The heat transfer is thus carried out through the sample bulk hitting pro-
gressively individual particles. 

A global view to the gradual development of a nonequilibrium phase diagram is il-
lustrated in Fig. 3 exhibiting thus the consequence of intensified experimental pro-
cessing, i.e., the gradual impact of more extreme temperature conduct.  For lower 
cooling rates it results to the slight refocus of phase boundary only, i.e., the im-
plementation of curves extension (dotted extrapolation) called metastability which 
are yet thermodynamically ´loyal´ regions. Faster cooling, however, forces the 
system to enter true ‘kinetic status’, controlled by the rates of transport processes 
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so that whole boundary set-up (thick lines, new shadowed areas) are shifted away 
from the originally equilibrium pattern (thin lines). Finally, at the extreme temper-
ature changes the entire state becomes relocated to a highly non-equilibrium con-
dition, where the material structure cannot match the transport processes, which is 
a kind of forceful immobilization, i.e., establishment of a frozen-in state of glassi-
ness or amorphousness, where the actual phase boundary are missing (or being 
featureless, shaded). Such a region is factually characterized by nonequilibrium 
parameter called glass transformation [32,33], cf. horizontal broken line in (d) of 
Fig. 3. 
A portrayal of above pattern can be imaged in the form of concentric spheres (par-
ticles) in which heat is gradually withdrawn from the interior putting consequently 
a collectively temperature-gradient shell-like structure which is reminding the 
shrinking core model. It may evoke the mechanical procedure when a particle 
sphere is gradually reduced reminiscent to the progression of top-down nanoparti-
cles formation discussed in the foregoing paragraph. 

Query about the implication of the term ‘temperature’ under 
rapid quenching – what about ´tempericity´ as an alternative? 

For experimental evidence, we can compare various cooling rates approximately 
anticipated for quenching of the melt of silicates down from the temperature of 
about 1200 °C. The maximum cooling rate subsists in the neighborhood of 104-5 
K/s applying either the melt pressing between two moving metallic surfaces, 
which form a ribbon with the thickness of about 0.2 mm or the melt disintegration 
to drops of about 0.5 mm in diameter and their centrifugation and splashing 
against metallic walls. Generally drawing a fiber into liquid bath (with a diameter 
less than 0.5 mm) decreases the cooling rate by more than one order of magnitude 
and would become similar to the helium fast-flow cooling of thin layers or wires. 
When dropping droplets of melt (~ 3 mm in diameter) into suitable heat absorbing 
medias (oil), a cooling rate is experienced to about 102-3 K/s . The increasing 
quenching rate can cause the diminishing grain size, increase chemical 
inhomogeneities and origin super-saturation making easier the formation of disor-
dered (glassy, amorphous) states. Chemically it is usually achievable in the sys-
tems exhibiting as many components as possible situated in the vicinity of deep 
eutectics [29,30].  
An empirical relation in the form of a power law often holds for the dependence of 
the distance, d, of dendrites on the local solidification time, τ, or on the average 
cooling rate, φ, i.e., d = a φ-n  = aoτn,  where a,  ao and the exponent n are charac-
teristic constants. The local conditions of solidification to form constraint glasses 
upon the melt vitrification gives up  its specific heat, whereas coupled crystalliza-
tion is accompanied by additional release of the heat of crystallization. The glass-
forming ability is related to the ratio of Tg/Tm = Tgr, the so-called reduced lass 
temperature, where Tg and Tm are the temperatures of glass transformation and 
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melting, respectively [32,33]. The higher value of Tgr , the lower the required criti-
cal cooling rate. Moreover the cooling rate,  φ, is essentially predisposed by the 
heat transfer coefficient, Λ, and the thickness of cooled sample, d, and relatively 
less by its entire temperature and the estimated gradient is than matching ~ φ d/Λ. 
At the condition of ideal cooling, where we assume infinitely high coefficient of 
heat transfer, the cooling rate φ is proportional to 1/d2, while for the Newtonian 
cooling mode, which is controlled by the phase boundary, φ correlates to 1/d only. 
In practice we may adopt the power relation φ = 1/dn  (where 1 ≤ n ≤ 2 is an exper-
imental constant). For illustration we may present the example of cooling, which 
is close to ideal, with the proportionality coefficient, Λ= 104 J m-2 K-1 s-1 , fre-
quently displayed for several real materials. We can guess the  limiting (mini-
mum) cooling rates of 102, 106 and 109 K/s for the critical sample thicknesses of  
respective 10, 5.10-2 and 10-3 mm,. The latter value of thickness is very small, 
hardly attainable even by intensive laser glazing, which works with very thin lay-
ers and assures intimate contact of the in situ melt with the surface of solid sup-
port. It, however, lies within the possible rates assumed for vapor/gas deposition 
onto the solid surface,  i.e., within about ≈109 K/s. In the novel method of high 
cooling rate chip microcalorimetry [34,35] the rate of the observed temperature 
changes reach the order of 104 K/s for samples pre-melted  and thinned on the mi-
crochip surface.  
During all extraordinary fast temperature changes there, however, arise a question 
whether the detected values sustain the meaning of a real sample temperature 
[30,36] and how to ever calibrate temperature under such extreme changes when 
the danger of deep undercooling and disturbing metastability occurrence was no-
ticed  as early as in the turn of Seventies [37]. Despite the successfulness of a spe-
cial microchip technique particularly developed to study system behavior when 
undergoing rapid quenching [38] we must question the reliability of figures pro-
vided by a T-measuring sensors which always display some numbers making thus 
possible to monitor processing temperature at as speedy cooling rates as 106 K/s 
[30,34,35,38].  
It is well known that the temperature as a physical quantity is a numerical measure 
of hot and cold (hotness manifold) the measurement of which is realized by the 
way of instrumental detection. Temperature and its measurement must stay in ac-
cordance of the thermodynamic law declaring that measured physical systems are 
in thermal equilibrium assuring that no heat flows between bodies involved in the 
measurement when they are connected by a path well permeable to heat [39,40]. 
During quenching this premise is evidently violated as a significant amount of 
heat is flowing between the considered bodies arising the question where is the 
capability limit of such a separated measurement of heat and temperature under a 
cooperative process of their linked rapid changes. There may be present a similar 
threshold known as a Heisenberg quantum limit preventing a detached detection 
of a particle motion from its position. Similarly there can exist limit for a parallel 
measurement of heat and temperature when taking place very far from required 
thermal equilibrium [36]. 
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Fig. 4 Upper plot showing opposite 
temperature behavior when particle 
obtained by extreme melt fast quench-
ing is firmly built-in the matrices hav-
ing little volume flexibility and, bot-
tom, loosely integrated particle 
produced by intensive ball milling 
having thus more space within the ma-
trices thus exhibiting classically as-
sumed decrease of melting tempera-
ture upon the particle diameter (d). 
Evidently there is a difference in the 
interface characteristics, not yet well 
understood yielding an open space for 
further theory. Compiled and adapted 
on basis of data in ref. [69,70]. 

 

In such a case of experimentally 
not a well ‘defined’ temperature, 
cf Fig. 4 when being detected 
under crucially extreme heat 

conditions one may instigate a novel terminology instituting an operational quan-
tity instead the traditionally mandatory physical quantity. For popular scanning  
microcalorimetry at ultra-high cooling rate we may coin a new term for the opera-
tional characterization of distinguishing temperatures derived on basis of  ‘melt-
ing-melt’, like melticity even if it would sound strange. Similarly we can proceed 
originating a new term for operational temperature by using basis of ‘temper’ for 
coining a new term: tempericity [30,39]. However, this falls beyond the scope of 
this chapter sounding moreover as desired music of future. 

Size as another degree of thermodynamic freedom for the issue 
of nanomaterials 

Novel nanostructured materials and their description encompasses a rich history 
beginning with a colloidal solution - heterogeneous mixtures in which the particle 
size of the substance is intermediate between a true solution and a suspension, i.e., 
between 1-1000 nm. Some properties of nanoparticles were investigated using the 
term micro-clusters (which term was used for the first time in 1661 by English 
chemist R. Boyle associated with Alchemist process of multiplied splitting up by 
division) and further including structural code or even inorganic gene [41]. It be-
came close to the topic of chemistry beyond the molecule [42] and specially asso-
ciated with a behavior in terms of super-atoms exhibiting the quantum properties 
of nano-clusters (i.e. quantum nature of nano-states [43,44]). Nanoparticles can be 
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defined as aggregates of  <104 atoms linking with a notion of the so-called 
Planck’s mass which amounts to about 2,17x10-5g, both thus specifying the 
boundary of interfering quantum world [27,44,45]. 
Nanoworld thermodynamic groundwork [45-55] unfolds from a single phase divi-
sion, i.e. splitting up into two (α and β) separated phased by introducing new inter-
faces, eventually accompanied by elastic deformation (strain) and predominantly 
the curvature requesting the higher pressure on the concave side with respect to 
the surrounding, p, i.e., pα >pβ= p (Young-Laplace effect) [56,57]. It follows that 
any nanosystem possesses an extra degree of freedom, which is the size; the study 
of which equilibrium requires a revision of traditional thermodynamics when 
transferring from macro- to nano-world [36,38-44]. Everything factually origi-
nates from the Kelvin 1805 historical relation, ln p/p∞ = 2Vγ/(RTr) and the related 
Thomson (1888) equation for temperatures, T/T∞ = 2Vγ/(ΔH r), where V, γ, ΔH 
and r volume, surface tension, enthalpy change and radius, respectively (some-
times called Gibbs-Thomson equation [58,59]). 
In the other words it means that if we want to create any equilibrium modification 
for a variation of curvature [60-70] upon the change of external conditions (T, p) 
we have to change either pressure (from pβ∞ to pβr under constant T∞) or tempera-
ture (from T∞to Tr under constant p∞).  

 

Fig. 5. Illustra-
tive figure 
shoving the 
way of phase 
separation: go-
ing top down 
from macro 
system to the 
sphere of 
nanoworld. 

 
 

  
Certainly there exists further particularizing models such as liquid skin melting 
(LSM) assuming that melting starts on the particle surface creating thus a thing 
surface layer of the thickness δ (adjustable parameter) so that T/T∞ =1 - (2Vγ/(ΔH 
(r- δ)). Eventually it may include further shape dependability by T/T∞ = 1 - 
(A/VΔH) (γsol - γliq) for the difference of surface tension where for a sphere the ra-
tion of area vs. volume, A/V, equals 3/r. As a consequence the crystallization tem-
perature can be found dependent on both the particle diameter [63-68] and the ex-
perimentally implemented cooling rate [71]. The first reveals an approach to a 
limiting value while the second case discloses a sudden threshold of quenching 
where any crystallization becomes imperceptible. Another impact relates to the 
particle volume contraction, ∆V, due to the internal over-pressure which may even 
result to the as-triggered internal phase transition. There, however, remains yet un-
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solved specifics of melting due to yet indefinite characteristic of the interface, 
such as coherent (with a small elastic deformation due to the small differences of 
atomic arrangements) and incoherentlinks (with a large elastic deformation due to 
the significant differences in atomic arrangements). Nanoworld brings new phe-
nomena [60-70]. 
As a curiosity we can notice an experimentally observed variance on the tempera-
ture dependence of melting for nanoparticles of indium in the matrix of alumina 
prepared through different techniques, see Fig. 3, [69.70]. Furthermore, it is 
necessary to consider a supplementary effect of the particle vs. matrix interface 
and consequent increase of inner pressure. In polymeric nano-composites (wherein 
nano-objects are nano-fibers [60]) it forms a continuously surrounded rigid solid 
often under a various degree of core-shell structure. The core is often covered with 
a thin surface layer of an alternative material (chemically ached, oxidized, ion 
exchanged). Nevertheless, seldom happen that the inorganic filaments would show 
evidence of a lower melting temperature than the polymeric matrices but it reveals 
the worth of interfaces’ character on the interfaces contact strength. 
Another worthy factor is the interior nano-particles admixing where the routine 
Ostwald-Freundlich equation applies for dissolution of solid particles (of radius r) 
in liquids in contrast to bulk (∞) using molar ratios (x) in the form ln (xm

r /xm
∞) =  

1 - (2γ V)/ (RT r). Another important upshot of nano-dimensionality is the internal 
phase separation which in the particles can yield different appearance as shown for 
two limiting cases shown in Fig. 4 (left - core shell and right - Janus models). It 
may undergo variety of configurations [53,54] dependent on the surface tension 
and other internal dispositions typical for nanoworld. The Gibbs energy of mixing 
often comes to play because it becomes dependent on the particle interior depend-
ent on the particle size and the atomic distribution varying from the simple flat 
surface due to the impact of curvature yielding surface interface segregation, cf. 
Fig.4. As a result the phase diagrams of nanoparticles can exhibit various shapes 
providing similar characteristic images as that previously shown on temperature 
affected kinetic phase diagrams [15]. Change of Gibbs energy of mixing due to the 
decreasing particle size will affect the degree of nonideality (boundary silhouette, 
cf. Fig. 5, upper) [72-77]. Irregular configuration becomes true when assuming in-
ternal metastable admixtures while the factual kinetic diagrams with shifted 
boundaries become a result from contracting interfaces and expanded curvatures. 
The extremity state where the rapidly quenched systems looses it arrangement be-
coming noncrystalline (amorphous) is comparable with similar nanoworld man-
ners where due to contraction particle size the curved interface forces the lost of 
interior crystal ordering [46,48]. 
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Fig. 6. Upper: a model alloy (~ Ag ↔ 
Cu) showing decrement of mixing en-
thalpy for decreasing quantity of con-
stituent atoms; upper curves with  
∆Hmix> 0 are valid for more than 2000 
atoms in a clusters while below curves 
with ∆Hmix< 0 are relevant to those 
having clustered atoms below 600, 
moreover exhibiting a curved trend to 
indicating miscibility. In order to calcu-
late the total energy of pure elements 
and the composition of the solution un-
der standard conditions (~ T) a classical 
molecular dynamics was employed, the 
size (number of atoms) of nanoparticles 
was taken into account by using 
aspecial correction factor [42,43]. It 
was designed according the mixing 
Gibbs energy of a solid solution (mod-
eled by Ag -Cu on the particle compo-
sition adjusted by different number of 
atoms [62-66]) and modified by rule for 
mixing and excess energy reliance 
while introducing relevant parameters 
ondimensions. For the case of a regular 

solution the model by Jiang et al . [54] was considered. Bottom:  a model alloy phase diagram (~ 
Ge ↔ Si) assessed for both a macro-system (bulk) and for a micro-system assembled by nano-
particles of diameter ~ 10 nm [65,66]). Consequences of a yet further reduction of particle size 
subsists in almost merging both liquids and solids lines each other while reaching in limit a 
nonstructured cluster. Compiled and adapted on basis of data in ref. [62-67]. 

Expansion of kinetic phase diagram and nanostate 
determinability  

It is a matter of curiosity that the phase description in the nanoworld of particles 
shows signs of similar characteristics as cooling-dependent kinetic phase diagram 
when assuming contracting interface impacts. It seems that the experimentally af-
fected situation of rapid changing the temperature resembles similar layer-like 
outcome of the diminishing radius of particles assembling the sample under study. 
Returning to Fig. 2, we would like accentuate again that the change of ideality in 
(a) can be achieved by shrinking the particle size, metastability in (b) results in the 
particle inner admixture while the kinetically reallocated portrayal in (d) takes 
shape by the increased pressure effect of enveloping surfaces and its enlarged cur-
vature. The end figure (d) is obtained in the limiting smallness when the particle 
interiors lose their crystallographic orderliness alike its counter-parting glassiness. 
Both forms of above discussed phase diagrams need a special care when investi-
gated by means of thermal analysis [78-83] particularly careful when applying 
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DTA [84,85] due to its overlooked effect of heat inertia [86]. Some assistance for 
a better understanding can be found in analyzing the processes by means of a 
thermodynamic background [87,88]. A needed continuation should better reveal 
the interconnection of nanomaterial characterization and quantum phenomena 
[36,44,46,66,]. 
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 1 Introduction: heat inertia and its consequences 

Chronicle of thermal science goes back to historic times of Isaac Newton (1642–
1727) [1] who published his temperature scale in 1701 as well as its instrumental 
presentation of his famous Law of Cooling [2]. First cornerstone of the theory of 
warmth propagation was provided by Jean B.J. Fourier (1768–1830) [3] who also 
initiated the investigational problems of heat transfer and it was Fick [4] who de-
rived his famous laws of diffusion on basis of Fourier. The entire roots of thermal 
analysis point back to the nineteenth century where temperature became an ob-
servable and experimentally sizeable quantity. Within the years 1903–1905, the 
term thermal analysis [5] was introduced by Gustav H.J. Tammann (1861-1938) 
who demonstrated the value of cooling curves for registration of temperature de-
viations between the sample and reference during sample state changes. The no-
tion of temperature has been comprehend [6,7] and the discipline of thermody-
namics established [8,9] and applied to thermal analysis practice [10]. The thermal 
aspects were introduced in to the first treaties on theoretical thermal analysis [11-
16], however, such knowledge has not been incorporated into thermoanalytical 
theoretical treatises [10] as much as it would have deserved, except [16-18]. The 
fact that heat transfer takes time (known since Newton's cooling law [2] and from 
the fundamental Tian's calorimetric equation [19]) was not adequately included in 
the recent theory of thermal analysis is its biggest mistake needing correction.   

Inertia as a tendency of body to conserve a previous state is unquestionably ex-
isting not only in mechanics (where the force F is related to mass, m, and accelera-
tion, a) but also in thermodynamics because changes of thermal state of bodies are 
also delayed due to their heat capacity (in which action the mass is replaced by the 
material’s heat capacity, Cp, and the acceleration by the time derivative of the 
temperature difference, dΔT/dt). In 1701 Newton showed [2] that the temperature 
of a hot body decreases slowly according to Newton´s cooling law which is still 
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used to estimate even the hour of unexpected death in crime investigations. This 
first quantitative law dealing with heat and temperatures easy to derive comparing 
the heat flow q from hot body (with temperature Th) toward the cold surroundings 
(with temperature Tc) using a coefficient of proportionality K (thermal conduct-
ance) and difference between the rate of heat content changes of the hot body with 
heat capacity Ch and the cold surroundings with heat capacity Cc (if t means time).  

Fig.  1. Historical rec-
ord of a heat calibrating 
pulse transferred from 
the original Tian´s 
1933 publication [19]. 
Descending part of the 
curve is traditionally 
used in calorimetry to 
determine the time con-
stant. 

Thus we have 

q = K (Th– Tc) = – Ch (dTh/dt) + Cc(dTc/dt) (1) 

Then, assuming Ch>>Cc we obtain 

K (Th– Tc) = – Ch (dTh/dt)  ⇒ 0 = K (Th– Tc) dt + Ch dTh (2) 

Modifying Eq. (2) to  

(K/Ch) dt = – (1/(Th-Tc)) dTh=  (3) 

and upon integrating (when dTc/dt ≈ 0 so that Tc ≈ const and assuming both Ch and 
K being also constant) we enter the following equation: 

(t-to)/τ = - ln(Th-Tc)/(Tho-Tc))→ (Th-Tc) = (Tho-Tc). exp (-(t-to)/τ)  (4) 

where τ ≡ Ch/K is called time constant of cooling. 
There follows an important consequence that Newton´s cooling law exists in 

two forms:  

• differential form of eq. (2) and  
• integral form of eq. (4).  

 The heat inertia was also included in the Tian equation derived for micro-
calorimetry and published in 1933 [19], i.e., 
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Wdt – Pdt – p(Θ – θ)dt = – c dθ  (5) 

Here W is heat flow (in Watt) deliberated inside a sample and P is a compensat-
ing heat flow, p, which is heat flux necessary to reach temperature difference be-
tween the outer (surrounding) temperature Θ and inner (sample) temperature θ 
equal 1°C and c is heat capacity of the sample. Equation (4) corresponds to the 
Newton´s cooling law expressed by differential form of Eq. (2) (if symbols Θ = 
Tc, θ = Th,  p =Λ and c = Ch are used instead). It is enriched, however, by internal 
source of heat flux W (inside the sample signifying the hot body) and external 
compensation heat flux P. Historically Tian illustrated the determination of quan-
tity p by the following drawing, Fig. 1, conveyed from his fundamental paper [19], 
where the right side (falling) curve exemplifies the exponential shape of Newton´s 
cooling law. 

2 Application in differential thermal measurements 

One of the first attempts to describe equations involving heat fluxes in DTA appa-
ratus was suggested in 1949 by Vold [20] who employed four temperatures Ts, Tr, 
Tw and To (as respective temperatures of sample under study, reference sample, 
furnace wall and atmosphere) to express the heat flux balances for both samples, 
i.e., 

Cr.dTr/dt = Kr(Tw-Tr) + σ(Tr-Ts) + kr(To-Tr) (6) 

ΔHdα/dt + Cs.dTs/dt = Ks(Tw-Ts) + σ(Ts-Tr) + ks(To-Ts), (7) 

where Cr and Cs are heat capacities of reference and sample, respectively, Kr, Ks, 
σ, kr and ks are heat conductivity coefficients for the fluxes between sample (using 
subscript sample s, reference r, furnace wall w and atmosphere o). The derivative 
ΔHdα/dt (which equals W in the Tian´s eq. (4)) is the internal heat source at an ex-
othermic process when ΔH< 0 or heat sink at an endothermic process when ΔH> 
0). It represented a reaction/transition rate dα/dt(α is the degree of conver-
sion/transition) multiplied by integral enthalpy of the reaction/transition ΔH.  

Substituting Ts = Tr + ΔT the Eq.(6) becomes 

ΔHdα/dt + Cs.dTr/dt + CsdΔT/dt = Ks(Tw-Tr) - KsΔT + σΔT +ks(To-Tr) - ksΔT (8) 

On subtracting Eqs. (6) from (7) the following equation (in correspondence with 
Eq (5) in ref. [20]) it is found 

(Cr-Cs)dTr/dt - Cs.dΔT/dt - ΔHdα/dt = 
 (Ks+ks)ΔT+ (Kr-Ks)(Tw-Tr) + (kr-ks)(To-Tr) (9) 
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Assuming Kr=Ks ,kr=ks and substituting  K≡ Ks + ks , Φ≡ dTr/dt  a following sim-
plified form is obtained 

(Cr-Cs) Φ - Cs dΔT/dt – ΔH dα/dt = K ΔT (10) 

The middle term on left side of Eq. (6) we coined to call the heat inertia term 
[21-25] without any connection with a thermal inertia concept in geology [26,27].  

The equation including the heat inertia term was also derived in publications by 
Faktor and Hanks [28] who, in addition,  pointed out the cubic dependence of 
conductivity K (in Eq. (6)) on temperature T due to participation of radiation on 
heat transfer: 

K = A + BT3.  (11) 

Holba et al. [29,30] published an algorithm for transformation of original DTA 
curve ΔT(t) into kinetic curve  dα/dt = f(t) using Eq. 6 including linear dependence 
of heat capacity of sample Cs on transition degree α as  

Cs = Cs
o + α. ΔCs  (12) 

where Cs
o is heat capacity of sample before transition and ΔCs (= dΔH/dT) is heat 

capacity change of sample due to transition. It was found the activation energies 
for phase transition of BaCO3 calculated from the original DTA curve and the rec-
tified kinetic curves revealing considerable inconsistency (namely activation ener-
gies 88 and 118 kcal/mole, respectively [30]). 

It is worth manifestation that only few books on thermal analysis [16-18] have 
pointed out the inevitability to correct DTA curve using heat inertia term before 
kinetic evaluation. This situation is probably the consequence of article by 
Borchard and Daniels [31] who derived the similar equation as Vold [20], never-
theless, they mistakenly supposed that value of the heat inertia term CsdΔT/dt is 
negligible with respect to the term of heat consumption/ production term ΔHdα/dt. 
This crucial as well long passed belief of the CsdΔT/dt insignificant fittingness has 
been a most regrettable mistake in theoretical thermal analysis having impact until 
today [32].  

3 Historical misinterpretations 

In the same year as Borchard & Daniels´ paper by November 1957 [31], Kissinger 
published his famous and broadly cited work [33] where heat inertia term is not 
explicitly considered as it follows from his relation [34,35] 

dθ/dt = f´(dq/dt)(d2q/dt2)  (13) 



5 

 

whereθ  is the difference in temperature of the centers of the two samples, f(dq/dt) 
is a function of the reaction rate which also includes any secondary effects of the 
reaction, such as changes in volume, density, or thermal properties and dq/dt is the 
rate of heat generation due to a chemical reaction per unit volume of sample [32]. 
Kissinger assumed citing [33]: “from Equation 6 it is seen that when d2q/dt2, the 
derivative of the rate of heat absorption, is zero, dθ/dt is also zero. Since the rate 
of heat absorption is proportional to the rate of reaction, Eq. (6) states that the 
peak differential deflection occurs when the reaction rate is a maximum which be-
comes true only when the heating rate of the reference is constant …” 

A considerable support on such a simple kinetic studies [16,24,25,27,32,36,37] 
without paying any respect to the heat inertia term in DTA equation was supported 
by the widely cited paper of Piloyan et al. [38]. Negative impact of which can be 
seen in the context of recent kinetic studies supporting the customary effortless 
methodology while overlooking any reflection to the process specificity due to 
heat incorporation.  

A new approach into description of heat processes in dynamic calorimetry and 
DTA was brought by O´Neill [39] (affiliated at Perkin-Elmer Corp.) who utilized 
an analogy between balance of currents in electric circuit and balances of heat 
fluxes, using thermal resistance R instead of thermal conductivity K without noti-
fying the resistance R is reciprocal of conductance K = 1/R. 

The use of electro-technical language for the description of heat fluxes was 
then accepted by further authors connected usually with TA Instruments, e.g. 
Danley [40] who derived for difference Δq of heat fluxes between the sample 
(subscript s) and reference (r) holders the equation:  

, (14) 

where Δp = ps – pr means difference between heat productions in the s and r hold-
ers, Te is temperature of enclosure, ΔT = Ts – Tr , Rs, Rr are thermal resistances and 
Cs, Cr heat capacities. If conductance Ks = 1/Rs, Kr = 1/Rr are used instead of re-
sistances Rs,  Rr and Δp = ΔH. When dα/dt is considered, then the equation become 
similar to that by Vold [20] (see Eq.5) is obtained  

 (15) 

Another electro-technical-like description of heat flux DSC was published by 
Kaisersberger and Moukhina [41] using five special thermal resistances to de-
scribe the heat fluxes for desmearing DSC signal including the hidden effect of in-
ertia. Significant is also an encouraging signals of distinction between the com-
pensation and the heat-flow DSC by E. Illekova et al  [96] who appropriately 
associated to latter the term of heat inertia. 

It is worth noting that our recent papers [34-37] has been devoted to the clarifi-
cation of the enduring problematic of kinetic evaluation via DTA experiments 
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(eventually heat-flux DSC) curves which ought to be corrected eliminating the in-
fluence of heat inertia. The curves obtained by compensation (Perkin-Elmer) DSC 
need not to include such a correction [16,32,39]. Exploitation of kinetic evaluation 
of TG curves is not an issue of our chapter, nonetheless, even such kinetic studies 
generally underestimate the influence of heat transfer on the course of a reaction 
process under sample weighing. For example Gray [43] suggested the completely 
´non-kinetic´ model for TG curve in form of the following equation (see Eq.18 in 
his article [43]). 

dα/dt = m(Cs/ΔH)(dTs/dt) + (Ts–Tp)/(RΔH) (16) 

where t is time, dα/dt = (dm/dt)/Δm is rate of process derived from the 
thermogravimetric curve m vs. t of mass related to full mass loss Δm of sample, 
Cs, ΔH are heat capacity of sample and the enthalpy change of the process, respec-
tively. Temperatures Ts and Tp serve for the sample (including its holder p) and of 
the sample surroundings while R is the thermal resistance between the surround-
ings and the sample holder. The Gray´s model [43] expresses the course of de-
composition process excessively controlled by heat transfer citing "thermal re-
sistance between the sample and the furnace determines the rate at which heat can 
be provided to the sample, which for an endothermic reaction determines the rate 
of the reaction, which in turn determines the rate of weight loss". It is clear that 
the so far conventionally idealized methods of easy kinetic modeling 
[14,15,44,45] are insufficient for a honestly sophisticated kinetic analysis while 
searching of a truthful reaction mechanism. It would look better as if we restrict 
kinetic analysis to a mediocre logistic approach [46]. It is apparent that the hither-
to customary role of the popular figure of activation energy can serve as good 
agency for aptitude promotion to easily reach a desired publication [47]. It keeps 
sourcing a wide popularity reflected to numerators kinetic papers [48] without ne-
cessity to be refined by so far ignored effect of thermal inertia. In this modern time 
of computers [30] it is astonishing that the effect of het inertia is being fearfully 
ignored by kineticists due to their traditional exploit of deep-rooted fashion of 
simple kinetic procedures [14].   

The indisputable but overlooked existence of the term of heat inertia hangs 
over scientific community for many years [31,32,49] and seems to be a deterrent 
to all kineticists, who are accustomed to trouble-free calculations [14,16,45,46]. 
The heat inertia term actually extends to all types of heat-flux DSC and DTA 
measurements [49] and cannot be reduced by diminishing the sample size or re-
duced by mathematical practice of mere exchanging the measured temperature dif-
ference ΔT  by heat flux Δq consequently adjusted by calibration (in order to reach 
an ´instrumental´ likeness with DSC). Moreover, the incorporation of heat inertia 
would claim the modification of various software [30] (being often a traditional 
part of manufactures assessor package) and can in turn affect many already pub-
lished articles connected with the determination of activation energies via DTA 
analysis [48]. Understandably, nobody would like to see any depreciation of his 
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already published data. Disbelieving stance to the reality of inseparable inertia im-
pact can be made clearer by simple graphical evidence visualized in Fig. 2. Two 
evaluation methods are explicitly compared, the one using DTA correction based 
on the differential form of eq. (6) [30,50,51] with the other one, which is sourced 
on manufacture software based on integral form of eq.(4) [41]. Though the as-
measured DTA peaks are received under dissimilar experimental conditions, the 
shape and the character of consequent rectification provides almost identical con-
sequence enabling to attain the original shape of the inserted rectangular pulses.   

Nevertheless, it is clear, that the legitimacy of thermal inertia in thermal meas-
urements [37] would not receive desired recognition until accepted by a wider 
community of kineticists which would not take place until it will opportunely re-
ceive a substantial exploration by internationally recognized commissions [52,53].  

Fig. 2. A rectangular heat pulse was inserted into the sample by either method: (a) circles - the 
resistant heating inside the sample [51,52] under the mode of linear heating and (b) triangles - the 
heat irradiation on sample surface [41] during the isothermal regime. Both pulses are normalized 
on the <∆T vs. t> axis as to fine-tuning the same shape. The as-measured DTA response on the 
internally inserted pulses (dashed read line, resistant heating) was corrected on the heat inertia ef-
fect by differential method [30] to yield the rectified peak (full red line). The as-measured DTA 
feedback on the externally applied heat-pulse (small-circle line) was corrected by the standard 
Netzsch instrumental software [41] based on integral method giving a rectified peak (small-
triangles line). Both rectifications emerge the matching character of corrections. The upper left 
area between rectified peak and inserted rectangular pulses results from yet uncorrected tempera-

ture gradients in the sample 
[32,54]. 

4 Counter-parting 
impact of gradients 

Associated but yet un-
solved intricacy is also 
due to the impact of tem-
perature gradients ever-
existing in the bulk sam-
ple [25,54] which was an-

alyzed in details in our previous book chapter [31] and early conferred elsewhere 
[54-56].  

The manner of temperature sensing of the sample effects the relevance of heat 
inertia as illustrated in the Fig. 3. The rectification process due to the heat inertia 
became complicated as the correction of DTA curves derived from temperatures 
measured on the sample surface and that from it integrated (bulk-mean can be dis-
similar and thus insufficient with respect to the correction necessary to find the ac-
tual (∼true) course of the process (∼transition) under study. It can be visualized by 
comparing a DTA curve obtained from continuous model (solid line: ΔTDTA) with 
the correction obtained from integral temperature differences (dot-dashed line: 
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ΔTprop - ΔTDTA) and the 
properly corrected DTA 
curve (dashed line: ΔTprop), 
see Fig. 3.  
Fig. 3. Advisory consequence 
of twofold calculated impact of 
heat inertia (s-shaped) when as-
suming surface and mean-bulk 
measurements ΔT prop on the as-
received ΔTDTA peak (- shad-
owed). 

 
 
The tempera-

ture profiles in a 
heated sample 
was thoroughly 
calculated in [31] 
regarding its 
simplest form as 
a infinite cylinder 
with external ra-
dius. The sample 
displays an endo-
thermic first-
order phase tran-

sition with the equilibrium transition temperature Tt during which the initial phase 
is changed into the final phase. When the sample is exposed to a linear heating 
then four stages can be distinguished with respect to the temperature profile inside 
the finite sample. (1) Temperature at any part of the sample is lower than the 
(equilibrium) transition temperature so that the stabilized temperature profile oc-
curs inside the sample. (2) When the temperature becomes higher than Tt in a part 
of the sample, the phase transition is in progress and the extent of transition inside 
the whole is lower than unity.  The temperature profile is not stabilized since it is 
affected by so called heat sink due to the running endothermic transition. (3) Tem-
perature at any part of the sample occurs higher than Tt while the extent of transi-
tion amounts to unity the temperature profile is not yet stabilized but it is tending 
to reach the stabilized state.   

 
Middle stage is illustrated in Fig. 4. making problematic how to distinguish an ap-
propriate picture of the process for mathematical modeling which can be ap-
proached using two geometrical version as: (1) a continuous and a (2) discontinu-
ous – still open question to researches.  
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Fig. 4. Schematic pattern of two abridged cases possibly participating in a solid-state transfor-
mation shown within simple spherical images where light shadow areas show reacted and dark 
initial unreacted material. 

 
 It is a matter of time when the peaks rectification (DTA and heat-flux DSC) 

becomes the standard means of sphere accessories using terms correcting both the 
heat inertia effect (term proportional to dΔTDTA/dt) [29,30] and the effect of vary-
ing temperature gradient inside sample (the term proportional to the rate dθSM/dt  
of the difference θSM  between the measured (outer) temperature of sample holder 
TEHS and the temperature TSø  averaged over whole volume of the sample [34]) will 
be introduced to both the private and commercial practice of instrumentally avail-
able software as already treated in [57,58]. The gradient relations are important 
whilst forming a specific part of kinetically aimed analysis the intricacy of consti-
tutive equation has been analyzed in details in our previous chapters [54,59] but 
the topic is so extensive thus falling beyond the restricted size of this chapter. 

5 Relations following from general kinetic equation for the first 
order reactions  

The basic equation of any kinetic launch appears to be the following unfussy rela-
tion (even if unknown from where it come form) [14] 

dα/dt = F(α,T) = f (α) k (T)  (17) 

where variable α, t, T  customarily mean the degree of conversion of the process 
under study, time and absolute temperature respectively. Function f (α) represents 
(often isothermal) kinetic model [14,16,44-46] and k(T) is the traditional fashion 
for temperature dependence of process (i.e. reaction or transition) rate. Although 
several models can be used for k (T) (see e.g. [8-14]) the Arrhenius equation k(T) 
= A exp (– E/RT) is the most popular one, where A is the so-called pre-exponential 
factor (with dimension s-1), E is activation energy (in J/mol) and R is universal 
gaseous constant (in J/mol/K). Upon the combination the legendary equation is 
obtained 

dα/dt =  F(α,T) = f (α) A exp (– E/RT)  (18). 

serving as a traditional starting point for derivation of equation for the maximum 
rate of the process connected with the temperature Tm at which this maximum is 
reached. For such a maximum of reaction/transition rate the condition for maxi-
mum of the function F(α,T) (with respect to time) is used: 

d2α/dt2 = (df(α)/dα) (dα/dt) [A exp (– E/RT)] +  
f(α) [A exp(– E/RT)](E/RT2) dT/dt = 0  (19) 
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After the mathematical rearrangements the well-known modifications are obtained 
(where β ≡ dT/dt for linear heating) 

(df(α)/dα) (dα/dt) + f(αm) (E/RTm
2) dT/dt = 0 

(df(α)/dα) [f (α)] A exp (– E/RTm) + [f(α)] (E/RTm
2) dT/dt = 0 

(df(α)/dα) A exp (– E/RTm) + (E/RTm
2) β =0 (20) 

the with the resulting equation: 

 (df(α)/dα) exp (– E/RTm)  = – Eβ/ARTm
2. (21) 

Then for ´classical´ kinetic mechanism corresponding to the first order reaction. 

f(α) = (1-α)  →  df(α)/dα = – 1  (22) 

the Eq.21 is obtained in the form 

exp (– E/RTm) = Eβ/ARTm
2  

or    – E/RTm = ln (Eβ/AR) – 2 lnTm  (23) 

Using the Eq.23 we can unambiguously transform any pair of quantities E,  ln 
A into pair Tm, β so that the information on the pair Tm - β  has the same im-
portance as the information on the pair E - ln A. This transformation at heating rate 
β = 10 K/min is shown in Fig 5 and for heating rates 2, 10, 60 K/min in Fig 6. 

We can further rewrite Eq. 21 into the form 

E = - RTm ln(Eβ/RTm
2) + RTm lnA = RTm (ln(RTm

2/Eβ) + lnA)  (24) 

or    E/RTm = lnA + ln(Tm/β) –  ln(E/RTm)   (25) 

where ln(E/RTm) can be considered insignificant with respect E/RTm (i.e., E/RTm 
>> ln E/RTm ) as well as with respect to ln(Tm/β) (i.e., ln(Tm/β) >> ln E/RTm) so 
that the legitimacy of kinetic compensation effect is thus approved [61] as also an-
alytically derived by Roura & Farjas [62]. More detailed mathematical analysis 
can be found in our previous systematic chapter [63] worth noting that the kinetic 
compensation effect was mathematically observed as early as in 1966 [64]. 

Another way to study the relation between the pair E - ln A and the pair β - Tm 
can be based on rules for partial derivatives. If we define the function F ≡ F(E, A, 
β, Tm) using the Eq. 25 as 

F ≡ F(E, A, β, Tm) = exp (– E/RTm) - Eβ/ARTm
2 = 0. (26) 

By using rules valid for partial derivatives in general form for  F(x,y,z) = const 



11 

 

 (∂y/∂x)
z
= - (∂F/∂x)

y,z
 / (∂F/∂y)

x,z  (27)
 

 

 
Fig. 5 Temperature Tm at inflection point in αvs. T dependence for heating rateβ = 10 K/min and 
values of activation energy E and logarithm of pre-exponential factor A. 

 

 
Fig. 6. The results of transformation E, ln A into Tm, β for heating rates β∈ 2, 10, 60 

K/min.  
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we can write 

(∂Tm/∂β)
E,A

= - (∂F/∂β)
E,A,Tm

 / (∂F/∂Tm)
E,A,β

  (28) 

The requested partial derivatives are then 

(∂F/∂β)
E,A,Tm

 = - E/ARTm
2  (29) 

(∂F/∂Tm)
E,A,β

=  - (E/RTm
2)exp (– E/RTm) + 2Eβ/ARTm

3 (30) 

so that 

(∂Tm/∂β)
E,A

=E/ARTm
2 / [2Eβ/ARTm

3 - (E/RTm
2)exp (– E/RTm)] = 

 = 1/ [2β/Tm – A.exp (– E/RTm)]   (31) 

or according to general rule: 1/(∂y/∂x)z = (∂x/∂y)z we obtain 

     (∂β/∂Tm)
E,A

= [2β/Tm – A exp (– E/RTm)]   
→  (∂β/∂Tm)

E,A
- 2β/Tm =A exp (– E/RTm) (32) 

→ln [(∂β/ ∂Tm)
E,A 

– 2β/Tm] = ln A – E/RTm (33) 

6 Kissinger erroneous assumption on temperature of maximum 
reaction rate 

In particular Kissinger [33] started from equation (22) in the form   

β/Tm
2  = – df(α)/dα (AR/E) exp (-E/RTmr) (34) 

and its logarithmic form encompasses his famous equation [27,48] 

ln(β/Tmr
2)  =  – E/RTmr+ ln (AR/E) + ln (– df(α)/dα) (35) 

where Tmr represents the temperature at which the maximum rate of ongoing pro-
cess r ≡ dα/dt is reached. For the first order reaction (f(α) = 1– α) we have 
df(α)/dα = –1 (as it is used in eq. 25) we have ln (β/Tmr

2)  =  – E/RTmr+ ln (AR/E)  
and neglecting ln (A/RE) with respect to E/RTmr due to (ln (A/RE) << E/RTmr) the 
approximation equation is valid [33] 

ln(β/Tmr
2)  ≈  – E/RTmr  (36) 



13 

 

For kinetic models other than first order reaction it should be fulfilled the con-
dition   df(α)/dα > 0. In any case the eq. (35) is usable only for positive heating 
rate β> 0 (not for cooling).  

Kissinger used the eq. (36) as a base of procedure estimating activation energy 
E as a slope of approximating line in the plot of  ln(β/Tmr

2) vs. –1/RTmr where Tmr 
is substituted by temperature Tm∆ at which an extreme of the peak on DTA curve is 
reached, i.e., where the temperature difference ∆T = TS – TR between the sample 
under study (S) and the reference sample (R) reached its extreme value for which 
the condition is valid 

d∆m∆T/dt  = 0.  (37) 

However, Kissinger´s assumption [33] that the temperature Tm∆ in the point 
where temperature difference ∆T reaches the extreme value (∆m∆T) is identical 
with temperature Tmr where the reaction rate r = dα/dt reaches its maximum, is not 
correct!  This Kissinger´s assumption that Tmr is identical with Tm∆ (on DTA 
curve) and is not valid [34,35] and this identity can be assumed justifiable only for 
curves obtained by compensating DSC (Perkin-Elmer) method.  

As far as Tmr ≠ Tm∆  also applies to the spontaneous heat flux DSC (where spon-
taneous heat flux q is given as q = K ∆T) the maximum deviation of such a DSC 
peak is reached at temperature Tmq which corresponds to incorrect temperature 
Tm∆. On the other hand for compensating heat flux DSC (where compensating heat 
flux Q is given as Q = ∆h r) the maximum deviation of DSC peak is reached at 
temperature TmQ which corresponds to the correct temperature Tmr . The correct 
equation for a DTA curve ∆T(t,TR) in the simplest form (after subtracting of the 
baseline BL : ∆TS  = ∆T – BL) is revealed in above mentioned papers by Vold [20], 
Factor & Hanks [28], Nevřiva et al. [22], Holba et al. [21,29,30,35,49],  Šesták et 
al. [16,23,27,32,34], Chen & Kirsh [17]) is given as 

 K∆T  =cS(d∆T/dt) − ∆h(dα/dt)  
or     ∆T  = Rt [cS(d∆T/dt) − ∆h(dα/dt)] (38) 

where K (dimension W/K) means thermal conductance between the sample envi-
ronment and the sample holder, cS (J/K) the heat capacity of the sample under 
study including its holder, ∆h is integral enthalpy (J) of the process under study 
and Rt ≡ 1/K is called thermal resistance.    

Starting from the eq. (38) the maximum reaction rate should correspond to the 
condition 

d2α (Tmr)/dt2 = (1/∆h) [cs(d2∆T/dt2) - K(d∆T/dt)] = 0 (39) 

which can be modified into  
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τS(d2∆mrT/dt2) =  (d∆mrT/dt)  (40) 

where τS ≡ cS/K is called time constant of the system of the sample under study in-
cluding its holder. 

7 Determination of the correct temperature of maximum 
reaction/transition rate 

The value of time constant τS could be estimated from the course of the tail (brush 
- index B) of DTA peak (the final part of peak where the reaction rate dα/dt equals 
zero, cf. Fig 1.) using the proper DTA Eq. 37 under the condition dα/dt = 0  

K∆BT = cS (d∆BT/dt)  →∆BT = τS (d∆BT/dt)  →  1 = τs (d ln ∆BT/dt) → 
τS = 1/(d ln ∆BT/dt) .      (41) 

Substituting (39) into (38) the condition for determination of correct Tmr is given 
as 

(d2∆mrT/dt2)/(d∆mrT/dt) = (d ln ∆BT/dt)   (42) 

which should be valid only at temperature Tmr where the maximum reaction rate is 
reached. 

On the other hand the use Eq. 38, i.e., {K∆T  =cs(d∆T/dt) − ∆h(dα/dt)} gives 
the following equation for the extreme of temperature difference at top of peak 
∆m∆T  

(K/cs) ∆m∆T+ (∆h/cs)(dα/dt)m∆ = d∆m∆T/dt  = 0 (43) 

where (dα/dt)m∆ is a reaction rate corresponding to the moment when peak ex-
treme ∆m∆T is achieved. From equation (43) the interesting conclusion can be de-
rived in form of the relation 

∆h/K=∆m∆T/(dα/dt)m∆  (44) 

which should stay independent on the heating rate β (if K is independent on β). 
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Fig. 7 Heating curve and DTA curve of process not influenced by energetically constrains. The 
area of peak equals to (A + B), where B is equal in three areas.   

8 Kinetic equation and Kissinger equation after including the 
heat inertia term 

The frequent fail in use of Eq. 3, i.e., {dα/dt=  F(α,T) = f (α) A exp(– E/RT)} is its 
insertion into the equation values of  the programmed temperature assuming dT/dt 
= β constant. However temperature of sample TS differs from the programmed 
temperature (reference temperature TR at any DTA method) by difference ∆T = Ts 
– Tr which can be expressed from Eq. 38, i.e., {K.∆T = cs.d∆T/dt − ∆h.dα/dt} as 

∆T = 
(cs/K)(d∆T/dt) 
– (∆h/K)dα/dt   

The starting 
kinetic Eq. 17 
should be then 
used in the 
form 

dα/dt  = f (α) 
Aexp (– 
(E/R(TR+∆T))   

and in 
logarithmic 

form  

lnr = lnf (α) + lnA – E/(R(TR+∆T))  (47) 

where r ≡ dα/dt  is rate of process, and after modifications 

E/R = (TR+∆T) [lnf(α) + lnA – lnr]     → ∆T = – TR +  E/R Σln (48) 

where Σln (sum of logarithms) is given as 

Σln ≡ [ln f(α) + ln A – ln r] = ln [f(α) A/r] (49) 

The extreme of DTA curve means an extreme of temperature difference ∆ex∆T 
where condition of local extreme has the form (assuming E/R is a constant) 
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d∆ex∆T/dt = – dTR/dt–  (E/R)(DSL/Σln 2)  = 0 (50) 

where (assuming A is a constant)  

DSL ≡ dΣln /dt = dlnf(α)/dt – d lnr/dt  (51) 

and as consequence of equalities 

d lnf(α)/dt = r (df(α)/dα)/f(α))   (52) 

d lnr/dt= (dr/dt)/r  (53) 

we have 

d∆ex∆T/dt = – dTR/dt– (E/R) [(df(α)/dα) (1/f(α))r – (dr/dt)/r]/[lnf (α) + 
 lnA – lnr]2       (54) 

and for first order reaction mechanism (cf eq. 22) we have    

(df(α)/dα) (1/f(α)) =  –1/(1–α)  (55) 

so that rm∆ ⇒ rex∆ 

d∆ex∆T/dt  =  – βR + (E/R) [rex∆/(1 – α)  +  d ln (drex∆/dt)] / [ln(1 – α)  +  ln A  –  
ln rex∆]2 = 0 
→  E/RTex∆= – (βR/Tex∆) [lnA(1 – α)/rex∆]2/[rex∆/(1 – α)+d (lnrex∆/dt)] (56) 

where βR≡ dTR/dt  is programmed heating rate and rm∆ represents the reaction rate 
at sample temperature Tm∆ where maximum deviation ∆T is reached. The last 
equation is quite different from the equation derived from a simple famous Kis-
singer eq. 46 based on incorrect equation of DTA curve 

E/RTex∆  ≈ - ln(βR /Tex∆
2)   ←   ln (βR/Tex

2)  ≈  – E/RTex∆ (57) 

The ideal DTA peak ΔT(t) which is derived from a simple heating curve Ts(t) is 
exemplified in Fig. 7. where moreover the lines proportional to heat inertia term 
(dΔT/dt) and to transition rate (dα/dt) are also drawn. At such an ideal peak the 
peak area is given as a sum of areas A + B whilst there are exposed three represen-
tations of B with the same surface areas: rectangle, rhomboid and a tail with 
heights descent according to the exponential law. The surface area of rectangle 
under reaction rate line equals to surface area of the exponential tail and a set of 
eight characteristic temperatures with ninth equilibrium temperatures is reduced to 
two temperatures, only. Through the heating rate at endothermic processes or by 
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the cooling rate at exothermic processes the maximum available transition rate is 
then limited due to fact that the maximum temperature deviation ΔT = Ts – Tr dur-
ing the process (when sample has the temperature Teq) cannot overcome the differ-
ence ΔT = Teq – Tr . If we substitute Tr = Teq + β (t –teq) where teq is the time when 
temperature Ts reached Teq and assuming Teq = Tonset  and teq = tonset we obtain ΔT = 
Teq – Teq – β (t − tonset). Using the relation dΔT/dt = − β it follows so that ∆T = -β 
(t – tonset) = Tr – Teq and transformed rate dα/dt yields a connection with {(Tr – Teq) 
- β Cs} curiously not involving any link with the ordinary kinetic parameters (E, 
A). 

9 Often forgotten influence of thermodynamic equilibrium as to 
kinetic equation 

One of the main insufficiencies of general kinetic equation is its lack of concern in 
relation to thermodynamic equilibrium of the process [10]. The problem of equi-
librium background of processes studied by methods of thermal analysis was not-
ed by authors as early as in 1972 [65] and later analyzed in more details [66-69]. 
A possibility to solve this insufficiency resides in reconstruction of the tempera-
ture dependent function k(T) to be a product which is proportional to two factors 
[69]. One is representing thermodynamic driving force stimulating thus the run of 
the process and the other one being certain kinetic opportunity necessary to over-
come the energetic barrier holding back the run of the process (term derived from 
kinetic braking force) [69] .  

So that a more general way for introducing an influence of equilibrium state to 
reaction rate is to take the temperature dependence part of the general kinetic Eq. 
17 as a product of Arrhenius function kA(TS) and a driving force Df(TS, Teq) ex-
pressing the relation to equilibrium temperature of the process [67-69]    

r(α,TS,Teq) = dα/dt = f(α) kA(TS) f(α) Df(TS,Teq)  =   
f(α) A exp(-B/TS) Df(TS,Teq)      (58) 

The driving force is assumed to be unity for monotropic processes1 (changing 
from an unstable state into a stable state), while enantiotropic process (changing 
from low-temperature stable state into high-temperature stable state at heating - or 
vice versa at cooling). For such enantiotropic processes [65] it could be selected a 
                                                           
1 Monotropy and enantiotropy are terms coined Otto Lehman (1855-1922) in 1888 to distinguish 
two types of phase transitions (aragonite to calcite as monotropic transition and α-quartz to β-
quartz as enantiotropic transition). In present paper these terms are used more generally not only 
for phase transitons but also for decompositions. The process of change from an unstable state 
into stable state is called as monotropic process, while enantiotropic process is a change from 
low-temperature stable state into high-temperature stable state at heating (or from high-
temperature stable state to low-temperature stable state at cooling). 
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dimensionless difference between logarithm of activity of the initial state of sam-
ple ln a0 and logarithm ln af  of final activity (activity of a state of  the sample 
reached after completion of a process under study) 

Df(TS,Teq) = ln a0 − ln aF = − ln(aF/a0) = − (gF−g0)/RTS = −∆g(TS)/RTS (59) 

Where ∆g (in J) is change of Gibbs free energy related to amount of sample.  
Quantity ∆g can be expressed through enthalpy change ∆h and entropy change∆s 
as∆g(T) = ∆h − T∆s and for enantiotropic processes at the equilibrium tempera-
ture Teq of process we have ∆g(Teq) = ∆h − Teq∆s. If temperature dependences of 
∆h and∆s are neglected then we found   

∆g(TS) = ∆h(1−TS/Teq) = ∆h(Teq−TS) /Teq (60) 

so that the driving force is given as  

Df (TS,Teq) = − ∆H(Teq−TS) /(RTSTeq) = (∆h/RTeq)(TS−Teq) /TS (61) 

where ∆H ≡ ∆h/nS (in J/mol) is molar integral enthalpy change of process going in 
sample substance and nS is molar amount of initial sample. 
Substituting eq. (61) and using Arrhenius equation for kA(T) the eq. (34) we go to 
the kinetic equation in the form including influence of thermodynamic equilibrium 

dα/dt = f(α). Aexp (-Bf /TS) (∆H/RTeq) (TS−Teq) /TS (62) 

where Bf ≡ E/R can be called as braking force. Defining new constant L = 
A∆H/RTeq  which is positive for endothermic process (L > 0 if∆H >0) and negative 
for exothermic process (L < 0 if∆H <0) the eq. 62 is transposed into 

dα/dt = f(α). L exp (-E/RTS).(TS−Teq) /TS  

and for first order reaction  

dα/dt = (1-α). L exp (-E/RTS). (TS−Teq) /TS (63) 

For isothermal reaction rate we then have the simplest kinetic model which is 
exploitable as the continuous model of enantiotropic phase transition, see ref. [54] 

dα/dt = kiso(TS) (1-α) (TS-Teq)  (64) 

where kiso(TS) ≡ (A∆H/RTeqTS) exp (-E/RTS).  
Differentiating eq. 63 with respect to time and after rearrangement using dTS/dt  

=d∆T/dt+ + βR ,(where βR = dTR/dt  is programmed heating rate indicated by tem-
perature of reference sample) we obtain for maximum reaction rate the equation 
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d2α/dt2 = - (dα/dt) [Lexp (-E/RTS) (TS−Teq) /TS +  
+ (βR +d∆T/dt)(E/RTS

2 + (Teq/TS)/(TS-Teq))] = 0 (65) 

so that  

A∆H/RTeq exp (-E/RTS) (TS−Teq) = (βR +d∆T/dt)[E/RTS + Teq/(TS-Teq)] = 0 (66) 

or 

[A∆H/RTeq exp (-E/R/(TR+∆T))(TR+∆T−Teq)]/[E/R/(TR+∆T)+Teq/(TR+∆T -Teq)] = 
 βR +d∆T/dt 

and after multiplying by (TR+∆T−Teq)/Teq we obtain 

[A∆H/RTeq
2exp (-E/R/(TR+∆T))(TR+∆T−Teq)2]/[E/RTeq(TR+∆T -

Teq)/(TR+∆T)+1] = βR+d∆T/dt 

from which we found  

if (TR+∆T−Teq) = 0 then d∆T/dt= - βR    (67) 

as it is expected and observed at phase transition of temperature or enthalpy stand-
ards.  

In conclusion it is worth noting that the present shape and structure of 
thermoanalytical kinetics has been neither obvious at its conception making use of 
Eq. 17 [14,15] nor are we sure that it is the best possible when concerning yet un-
solved effects of heat transfer consequences [30,49,54,69]. We are happy whilst 
introducing the concept of equilibrium background [65-68] becoming an im-
portant part of advanced kinetics and we anticipate that our innovative notion of 
operational meaning of temperature [70,71] may facilitate equally. We believe that 
progress means practice-verified improvements while including detailed thermal 
phenomena of real thermoanalytical measurements, nor just making changes at 
any case neither being afraid of them while complicating pervious practice. Now it 
is the turn of ICTAC Kinetic Committee [52,53] to incorporate and verify the sug-
gested changes into a kinetic practice.   
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