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Foreword

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
chronology. 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 problems,
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 bridging refined theory with tech-
nical applications, and the curious insight into materials with methodological
inventiveness. The most exciting thermoanalytical discoveries, 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], per-
forming more exhaustive study of the effect of experimental variables on the shape
of heating 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 quanti-
tative studies were semi-empirical and based on intuitive reasoning. Though some
theoretical understanding was build [3], it was Berg, using the Newton’s cooling
law, who gave the initial theoretical bases for DTA [4], later improved within the
renowned Russian thermoanalytical school [5]. DTA became gradually the center of
attention [6], thermogravimetry being the second, thanks to its quantitative benefits.

vii
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Fig. 1 Those who instigated the underpinning new fields of thermal physics and its indispensable
branch of thermal analysis: Strouhal Cen&k (Vincenc) (1858-1922, Bohemia [15]), Berg [4]
(1896-1974, USSR), Mackenzie [9, 16] (1920-2000, Scotland), who also helped for the formation
of ICTA (International Confederation of Thermal Analysis); William Wesley Wendlandt [11, 17]
(1927-2000, USA, the architect of Thermochimica Acta [18]), Keattch and Dollimore [19] (1920—
2000, UK-USA, the initiator of the sister organization ESTAC—European Symposium of thermal
Analysis and Calorimetry) and Cornelius Bernard Murphy [20] (1918-1994, USA, the first elected
ICTA President)

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].

As the result of WW2, Europe was divided into the free West, and the East
occupied 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 victim
of the all-encompassing censorship and restrictions. Because of that, the East-
European science, including thermal analysis, was developing to a great extent
independently 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.

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
International 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
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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 ther-
moanalytical investigations. The organizers invited scientist from the information-
ally isolated countries of the Soviet Block, then represented by F. Paulik and
J. Sestak 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 (Scotland), with
the help of US C.B. Murphy, Czech R. Barta, Russian L.G. Berg, and Hungarian L.
Erdey, with almost identical personal attendance.

During those conferences, culminating at the first ICTA conference in Worcester
(USA 1968) [21], the Elsevier publishing house, advocated by Prof. W.W. Wendlandt
(USA), realized the need to create an international journal covering thermal analysis.
And so in early 1970s, the journal Thermochimica Acta (TCA) started the publishing

Fig. 2 Editorial Board meeting of Thermochimica Acta in Grado (6th ESTAC, September 1994).
Upper from left T. Ozawa (Kyoto), J. Sestak (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 1990s, several more
renowned thermal analysts participated at the TCA EB such as J.R. Allan (Edinburgh, V. Balek
(Rez), E.H.P. Cordfunke (Petten), G. D’Ascenzo (Rome), D. Dollimore (Toledo, USA), C.M.
Earnest (Rome), W. Eysel (Aachen), J.H. Flynn (Washington), A.K. Galwey (Belfast), F.
Gronvold (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)
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process, which continued for twenty-five years by its founder [18] and legendary
editor Wesley W. Wendlandt (1920-1997), with the help of the group of already
renowned scientists, making the first international TCA Editorial Board: B.R. Currell,
T. Ozawa, L. Reich, J. Sestak, A.P. Gray, R.M. Izatt, G. Beech, M. Harmelin, H.G.
McAdie, H.G. Wiedemann, E.M. Barrall, T.R. Ingraham, 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 (Fig. 2). 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 scientific
reputation and guidance, as well as his own articles substantially contributed to the
success. The TCA publications focused on the hot topics identified during the former
conferences, especially those dealing with the theoretical basis of general thermo-
analytical 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 papers [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 citation response, namely (Scopus) 29, 282,
70, 802, and 8, respectively. They altogether provided a starting point to the subse-
quent kinetic studies, resulting in books [31-33], the latest of which just preserved
mathematical exploitation of kinetic equations, but paying not enough attention to
other critical assessments [34-36]. The ICTAC’s Kinetics Committee issued
“Recommendations” [37], which received 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 kinetic numbers [36]. Hundreds of valuable kinetic publi-
cations 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 incor-
porated in further kinetic software. Moreover, the historical data clearly show the
key influence of kinetic studies on the TCA publication scope [36, 37], recently
touching advanced treatises providing detailed characterization of samples by
averaging the temperature values at different locations within the sample [40],
incorporation 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,
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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
mainstream of the thermoanalytical kinetics, criticized it relentlessly [34], and he
was logically deconstructing its fundamental faults, so his arguments were sys-
tematically ignored. The other researchers were unwilling to revise their most basic
assumptions 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, ékramovsky, Guichard,
Duval) and American (anonymous, later Cahn) thermobalance instruments became
commercially available in 1950s [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
detailed 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 1940s to late 1980s, 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 question. 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 famous
Hungarian Derivatograph (T+DTA+TG+DTG) [45], the only relatively easily
available thermoanalytical instrument in Eastern Europe, or “Pyrometr Kurnakova”
(DTA), thousands of which were manufactured in USSR, primarily for geological
exploration.

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 combined
broad scientific background with practical attitude. The mainstream thermoanalyt-
ical theory could benefit from both, but their books and articles, published mostly in
the Cyrllic font, remain almost completely unknown in the West.
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Cut-off from the West by the communist “Iron Courtain,” the East-European
thermal analysts were actively working toward acquiring scientific, cultural, social
and political information from the free world. Contacts with Western thermal
analysts were performed by letters, joint publications, and participation in inter-
national 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 “Silikaty” founded by R. Barta as early as
1956 and long edited by Satava [47]. It became famous for promoting publications
in the sphere of thermal analysis [44]. Since those papers, naturally for the cir-
cumstances, 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
international) conference on thermal analysis, mostly dealing with DA. It was
organized 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 first Thermography Day (1958 in Bratislava) and the 2nd Conference on
Thermography (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
together, underpinning the bases of various advanced methods (cf. Fig. 3.).

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
1970s, 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 publishing
a periodical Thermal Analysis Abstracts (TAA), prepared by a team of reviewers
covering the East- and West-European countries. After 20 years, that service 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 “Silikaty” and fashioned a team consisting of renowned L. Erdey,
the F. and J. Paulik brothers, J.P. Redfern, R. Barta, L.G. Berg, G. Lombardi,
R.C. Mackenzie, C. Duval, P.D. Garn, S.K. Bhattacharyya, A.V. Nikolaev,
C.B. Murphy, T. Sudo, D.J. Swaine, W.W. Wedndlandt, J.F. Johanson, and con-
sulting editors F. Szabadvary and G. Liptay (of this group, only three remain now),
publishing thus the first thermoanalytical-focused journal, in a record-short time
[59]. It helped to facilitate the communication between the East and West.

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 practically
absent in JTA, and only passingly mentioned elsewhere [48]. The early JTA issues
contained articles on modern kinetics [65-68], including its critique [69, 70].
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Fig. 3 Young scientists
participating at 1974 ICTA in
Budapest who represented a
new groundswell for the
rising field of thermal
analysis; from left Jean
Rouquerol (¥1937) [49]
France, Hemminger (¥1937)
[50], Germany, Schultze
(*1937), [51] Germany,
Jaroslav Sestak (¥1938),
[17, 52] Czechoslovakia,
Simon (*1937) [53] and
Ferenc Paulik (1922-2005),
[45, 54] both from Hungary

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
international conference in then communistic Czechoslovakia; such initiatives were
“strongly discouraged” by authorities. The geopolitical split of thermal analysis into
“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.

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 Bratislava
1985 (former Czechoslovakia). From left Giuseppe Della Gatta (Persuading additional term
Calorimetry in ICTAC, Italy), Erwin Marti (Switzerland), Jaroslav Sestak (8 ICTA program chair,
Czechia), behind Klaus Heide (Germany), Slade St.J. Warne (ICTA Vice-president, Australia),
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)
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Fig. 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 Simon
(Slovakia), Alfred Kallay-Menyhard (Deputy JTAC editor-in-chief since 2014), Judit Simon
(Honorary JTAC Editor), Gyérgy Liptay (Honorary consulting Editor), Jaroslav Sestak (Czechia),
and Imre Miklos Szilagyi 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).

Thermal Analysis has Reached Adult Status; Time for Revisions

On wrapping up the history, it seems clear that the process of developing the theory
of thermal analysis [3—-11, 47-58] has not been completed yet, and it needs a
revision and upgrading, which may not be welcomed by some orthodox users. For
instance, 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
interfaces, based on the propagation of defects, which, interestingly, resembles
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progression of infectious diseases. New strategies such as [66], and others [65, 68—
70], are welcome, but we lack in more fundamental things, in first place we are in
need 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 ther-
moanalytical 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 submilligram
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 cooling
rates of novel chip microcalorimetry [79, 80], important in the new field of kinetic
phase diagrams [81]. This vast range of problems has been glossed over by the
thermoanalytical mainstream [33, 37, 50]. A new proposition for thermal analysis
theory, addressing this complexity [30, 40, 71-74], as well as the new meaning of
temperature while changing at ultrafast rates [80, 81], is expected to get underway.

In the area of theory, a two-pronged effort is needed: abandoning some unjus-
tifiable 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 whether such calculations are legitimate at all, should be stopped by
researchers 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
ultrarapid 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-
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 results
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
advanced materials or optimization of thermochemical processing of materials and
parts. At present, most researchers who are trying to optimize processes such as
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 chemical reactions with gases onto the sample, determines the percentage
of the components. 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
instruments for advanced research. The first group are satisfied by the present “push
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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 laboratories,
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].

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, which not just changes. Since what counts
in science is “better” rather than “new,” then returning to some older thermoana-
lytical concepts mentioned here, could result in additional progress.

Authors of this preface are happy to have been parts of thermal analysis for fifty
years and contributing to it by their publications ranging from some old, ground-
work 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, related
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 Wunderlich [87] (1930-2012, citation response >17,000, H-index
>70) thoroughly chronicles it, while Sestak’s memoirs [88], present thermal analysis
as an widespread themes connected to econophysics, environment, interdisciplinary
science and even philosophy (see Fig. 6), showing also author’s accomplishment in
art photography.

Fig. 6 Book covers of recent
biographical publications
related to thermal analysis

A Science Career

Against all 0dds
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It is worth noting that the previous two books [89, 90] in this series “Hot topics
of thermal analysis” [53] (Vols. 8 and 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.

Prague, Czech Republic/La Habra, USA
May 2016

Prof. Ing. Jaroslav Sestak, D.Sc. Dr.h.c
(*1938, thermodynamics) Emeritus,
Westbohemian University in Pilsen

and New York University, branch in Prague

Ing. Véra Sestakova, MS (USA)

(*1945, crystal growth technologist),

Formerly with the Institute of Physics and then with the
Prague Municipal House (famous of Art Nouveau)

Dr. Jerry P. Czarnecki

(*1937, Chemist and Designer

of Thermogravimetric Systems),

Emeritus, Formerly with Cahn Instruments
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Chapter 1

Local Thermal Analysis by Structural
Characterization (TASC)

Mike Reading, Sheng Qi and Muqdad Alhijjaj

Abstract Thermal analysis by structural characterization (TASC) is a new thermal
technique that is based on image analysis combined with hot-stage microscopy
(HSM, also called thermomicroscopy). The image analysis algorithm is sensitive to
any change in structure as seen by digital optical microscopy. A key feature of the
algorithm is that it accounts for any sample movement. Due to thermal expansion of
the sample or the sample chamber, there is, at high magnification, usually some
sample displacement and this needs to be removed, so the measurement is purely
one of structural change. HSM has a variety of uses but struggles with opaque
samples (such as filled samples) and cannot routinely detect glass transitions.
TASC, when used with an imposed structure such as an indentation, can routinely
measure glass transition temperatures because, when the sample softens, the
indentation disappears. This is true even when analyzing opaque samples. TASC
can also be used to measure melting temperatures, transitions in small (microgram)
samples, dissolution behavior, and heterogeneity.

1.1 The Development of Methods
for Local Thermal Analysis

The first approach to local thermal analysis (LTA) was proposed by Hammiche
et al. [1]. It was based on a scanning thermal microscope (SThM) (a type of
scanning probe microscope (SCM) [1]); in this technique, a thermal probe that is
capable of measuring temperature and, in some cases, also capable of being heated,
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over the surface of a sample. In this way, a map of the surface topography is
generated together with a simultaneous map of some aspect of the sample’s thermal
properties. There are two basic types of thermal probe; a thermocouple that mea-
sures local temperature and a resistance thermometer, such a platinum filament, that
can measure temperature and, by Joule heating, increase the local temperature. It is
the latter that is used for thermal analysis. The first local thermal analysis instrument
used a probe, called a Wollaston wire probe, which had a tip made of platinum that
could be heated to temperatures in excess of 500 °C. Local thermal analysis was
achieved by placing the tip on a selected location and heating it so that its tem-
perature was a linear function of time. If the material beneath the tip softened, the
tip would indent into the surface and this was measured using the defection of a
laser beam (a description of the details of how a SThM works can be found in [1]).
The softening event would usually be a consequence of a glass transition or
melting; thus, a local transition temperature was determined. This technique came
to be called initially Micro-TA then, as spatial resolution improved, Nano-TA [2].
The Wollaston wire probe had a tip with a contact area of the order of square
microns and this limited the lateral spatial resolution. This type of probe has now
been superseded; in modern instruments, the thermal probe is a micromachined
device with a tip with a radius of circa 10 nm. This enables a spatial resolution of,
in favorable cases, 100 nm for LTA. The applications for this type of local thermal
analysis capability are now legion [3, 4] and a number of instrument manufacturers
offer this capability. However, this type of SThM-based approach has its limita-
tions; scanning probe microscopes are expensive and not easy to use. They are
typically limited to imaging a maximum area of 100 p x 100 p with a height
limitation of 10 p; while this type of microscopy has the advantage that it can
achieve nanometer spatial resolution, this is not always what is needed. Sometimes
the structure of interest has features that are of the order of 10 p or larger. When this
is the case, using a scanning probe microscope is time-consuming and perhaps not
possible if the surface is too rough. There are also issues related to accuracy and
precision. Localized heating necessarily creates very sharp temperature gradients
around the point of contact. The character of these gradients is affected by the
topography in the immediate vicinity of the tip; if it is at the bottom of a depression,
then the quality of the thermal coupling between the tip and the sample is different
from when the tip is at the apex of a “hill.” This means that, on a rough surface, the
scatter of results for a pure pharmaceutical compound is of the order of 10 °C or
more [3], i.e., an order of magnitude worse than conventional thermal techniques.
Furthermore, conventional temperature calibrants, such as indium, cannot be used
because their high thermal conductivity gives rise to temperature gradients that they
are so far removed from those experienced with organic samples that calibration
curves obtained with these materials cannot be relied on when analyzing polymers,
pharmaceuticals, etc. To overcome this difficulty, polymer calibrants are used and
these are not primary standards.

A solution to the problems encountered by micro-/nano-TA has recently been
proposed in the form of thermal analysis by structural characterization or TASC
[5-7]. A simple example of this technique is that of analyzing a structure imposed
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on the surface of an amorphous polymer. A typical experiment is as follows: a
sample has a small indentation made in its surface using a dissection needle, it is
placed in a hot-stage microscope and the indentation is brought into the field of
view of a digital camera. The sample is heated and when its glass transition tem-
perature is reached, it softens which leads to the disappearance of the indentation
under the action surface tension. This is illustrated in Fig. 1.1.

The TASC value is calculated by subtracting a selected area within the first
image from the corresponding areas in each subsequent image; thus, any change in
appearance will result in a change in the TASC curve. The algorithm is able to
compensate for any movement by the sample; this is essential because heating a
sample under high magnification is almost certain to result in shifts in its position
due to thermal expansion by the sample and the sample chamber. These are not of
interest so eliminating them is a requirement for the analysis to work. Clearly, the
absolute values of the TASC calculations are dependent on the size of the area that
is chosen so TASC curves are normalized to the highest value. Details of the
algorithm can be found in [6]. The areas of application can be categorized as
follows:

1.6 -
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Fig. 1.1 An illustration of a TASC experiment with a DSC measurement for comparison. The

image a size 1 mm X 1 mm is an indentation in a filled polystyrene sample prior to heating.

Image b is the same area after heating to 160 °C. The dashed line is the TASC curve and the solid
line is a DSC experiment for the same sample (normalized to final value)
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A general tool of measuring transition temperatures,
Local thermal analysis including surface analysis,
Measuring heterogeneity

These are considered below.

1.2 Measuring Transition Temperatures and Local
Thermal Analysis

Figure 1.1 gives us an example on measuring a glass transition. Clearly, this is a
localized measurement because it monitors the change in viscosity in the immediate
vicinity of the indentation. How this can be exploited to measure differences in
transition temperatures in different locations has been demonstrated [5]. Similarly,
the melting temperatures of individual crystals can be determined. This is illustrated
in Fig. 1.2.

Particles made of amorphous materials also change shape upon being heated
above their glass transition. This type of experiment complements traditional
thermal measurements. Analyzing a mixture of particles of the order of tens of
microns using, for example, DSC can provide information on the constituents and
their relative amounts. However, it is only by making measurements on individual
components that it can be established whether these material are within each par-
ticle or each particle is a different material. The components might only be a few
micrograms and could not, therefore, be analyzed by conventional means. TASC
provides an easy and convenient means of analyzing a large number of such small
samples in a single experiment.

a.u.

Temp. / °C

Fig. 1.2 Above left is a micrograph of sugar crystals; right are the TASC results for the crystals
indicated by the colored circles. There is excellent agreement for the onset of the principle event.
For the crystal highlighted by the blue circle, there is a suggestion of a preliminary process (further
work would be needed to confirm this). This is illustrative of how TASC provides discrete
information rather than the global data obtained by conventional methods
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Another aspect of this type of localized measurement is that, in most cases, it is a
form of surface analysis. Figure 1.3 is a measurement made on the surface of a
foodstuff coated in carnauba wax.

It might be argued that this measurement could be made using thermome-
chanical analysis in penetration mode, but it would usually not be possible to be
sure whether the transition arose from the surface or somewhere deeper.

For complex systems, TASC has demonstrated the ability to detect “hidden”
transitions that are often difficult to measure by conventional thermal methods such
as DSC. Two examples of such cases are detection of the dissolution of crystalline
material into matrices upon heating and the development of metastable polymorphs
with rapid kinetic transformation during the thermal ramp. Alhijjaj and coworkers
reported the use of TASC to study a series of complex pharmaceutical formulations
containing three semicrystalline excipients (poly(ethylene glycol), poly(ethylene
oxide), and p-a-tocopheryl polyethylene glycol succinate) with low melting points
(37-70 °C) and a model drug (felodipine) with a melting point of 145 °C [8]. These
formulations were manufactured using hot melt extrusion methods, and the
semicrystalline excipients were fully melted and recrystallized during preparation.
The physical state of the drug in the formulations is highly dependent on the drug
loading, and accurate identification of the physical state of both the drug and
excipients is extremely important for predicting the stability of such products.
However, the rapid thermal dissolution behavior of the crystalline drug that
occurred during DSC heating, prevented the detection of drug melting as shown in
Fig. 1.4a. In contrast for the formulations with high drug loading, TASC detected
an additional transition (lower than the crystalline drug melting) to all melting
transitions of the excipients in the formulations that was not detected by DSC
(Fig. 1.4c). The confirmation of the presence of crystalline drug in these formu-
lations by PXRD and ATR-FTIR indicated this additional transition detected by
TASC is associated with onset of the thermal dissolution of crystalline drug into the
molten excipients. The full recovery of the TASC signal at the end of the experi-
ment (shown as a plateau at a normalized TASC value of 1) is a good indication of
the completion of all thermal melting behavior (Fig. 1.4b). The samples containing
crystallized drug did not reach a plateau. This is a result of the incomplete melting
of the drug at the end temperature of the experiments. With increasing the end

Fig. 1.3 This is an example 12
of a TASC measurement on
the surface of a piece of

candy. The surface is coated 08 |
in carnauba wax, and its
melting temperature can be 06

determined as being 80 °C
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Fig. 1.4 An illustration of the detection of the thermal dissolution of crystalline drug (with
melting point at 145 °C) in complex polymeric matrices by TASC a DSC results of the
formulations show no indication of melting of the crystalline drug due to thermal dissolution;
b TASC results of placebo formulations demonstrate the clear detection of thermal melting of
excipients and a plateau region indicating the complete melting of all materials in the formulations;
¢ TASC results of formulations containing crystalline drug show onset of thermal dissolution of
the crystalline drug which is not detectable by DSC, but without the plateau due to the incomplete
melting/thermal dissolution of the drug at 90 °C; d The clear detection of the plateau indicating the
complete melting of drug at 150 °C which is above the melting point of the crystalline drug.
(Reproduced from Ref. [7] with permission)

temperature of the TASC test above the melting of the pure crystalline drug, as
shown in Fig. 1.4d, a clear plateau can be obtained implying the complete disso-
Iution and melting of crystalline drug in the molten excipient matrices. This can be
used as an evidence of the presence of crystalline drug in the original formulation
which could not be detected by DSC.

Evidence of the high sensitivity of TASC for detecting metastable polymorphs
has been demonstrated through investigating the behavior of melt-cooled PEG and
PEO mixtures. In the literature, it is well documented that the stable polymorph of
PEG and PEO mixed systems consists of extended polymer chains with the
metastable form having folded chains [8]. Melt-cooling is one method that can
induce the formation of the metastable form of PEG and PEO which can convert to
stable form upon thermal treatment or aging [9]. When relatively low quantities of
PEG and PEO are used in pharmaceutical formulations, it is often difficult to detect
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the presence of the metastable form using conventional DSC (as shown in
Fig. 1.5a). However, the presence of the metastable form may cause a long-term
stability issue with the formulations. TASC was used to study melt-cooled for-
mulations containing PEG and PEO (with less than 50% total weight of the for-
mulations) [6, 7]. Highly reproducible double transitions were detected by TASC
which is believed to be associated the presence of both folded and extended forms
of PEG and PEO (Fig. 1.5d), whereas only a single transition was observed in DSC
results of the same samples tested using the same heating rate. In the melt-cooled
PEG and PEO mixture, the metastable form with a lower melting point would
soften and melt prior to the recrystallization and melting of the stable form. The
subtle heat capacity change of this process was not detected by standard DSC, but
confirmed by MTDSC and VT-ATR-FTIR measurements on the same samples [6].
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Fig. 1.5 An example of the detection of metastable forms by TASC which are not detectable by
DSC: a and ¢ DSC results with heating rate ranging from 10 to 40 °C/min of formulations
containing PEG and PEO during first heating (a) and reheating (c) after cooling. Single melting
transitions of the mixture of PEG and PEO is shown for both heating and reheating at all heating
rates; b and d TASC results of the same samples show clear shoulder peaks associated with the
melting of the metastable form of PEG and PEO during heating (b) and reheating (d) cycle. TASC
results also show a lower heating rate effect on the resolution of the results than those obtained by
DSC. (Reproduced from Ref. [6] with permission)
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This sequence of thermal behavior has rather fast kinetics. As the working mech-
anism of TASC is based on imaging analysis, it can follow the consequences of
changing structure on a micron length scale that conventional DSC cannot directly
interrogate. The results also demonstrated another advantage of TASC in com-
parison with conventional DSC, which is a much lower heating rate effect on the
sensitivity and resolution of the results. As shown in Fig. 1.5, heating rates of 10—
40 °C/min show good similarity in the transition temperatures and the shape of the
curves, whereas the change of heating rate from 10 to 40 °C/min changed the
resolution of the DSC detected melting peak.

1.3 Measuring Heterogeneity

Heterogeneity of the distribution of ingredients is an undesirable feature in many
consumer products. For pharmaceuticals, heterogeneity may be an indicator of poor
product quality. If undetected, it can lead to serious issues such as product insta-
bility over its shelf life and dose inconsistency which can significantly reduce the
therapeutic effectiveness of the treatment. As TASC is by nature an imaging-based
technique, it has the flexibility of altering the size of the region of interest (ROI).
Using this feature of TASC, one can judge the heterogeneity of a sample by the
reproducibility of transitions detected by TASC for different ROI with a range of
sizes. For a homogenous sample, highly reproducible TASC results should be
expected regardless of the location and size of the ROI. However, inconsistent
results would be expected in heterogeneous samples. This is because random
selection of location and size of the ROI raises the chances of capturing more or less
of the ingredient of interest within the ROI. This has been demonstrated with a set
of pharmaceutical patches containing a range of drug concentrations [6, 7]. At low
drug concentration, the drug was melted and homogenously distributed in the
excipient polymers during the manufacturing process (which is hot melt extrusion
and injection molding in this particular case). However, when the drug was too
concentrated in the formulation, a population of crystalline drug was observed to be
scattered in the formulation. These drug crystals were either undissolved/melted
during manufacturing or generated through recrystallization following aging as a
result of supersaturation of the drug in the matrices. It is shown in Fig. 1.6a, b that
the reproducibility of the data (presented as error bars at each data point) collected
by analyzing small ROIs (approximately between 2.5 X 102 and 10 x 10~ mm?)
is lower than that obtained from larger ROIs (between 40 x 107> and
90 x 107° mm?). This indicates that at the micron scale, the sample is highly
heterogeneous. This is not detectable by DSC in which the samples were tested as a
bulk material with localized information not being obtainable (Fig. 1.6c). TASC’s
unique capability of identifying the heterogeneity of the samples at the scale of
interest has great potential in quality control of pharmaceutical products.
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Fig. 1.6 An illustration of detection of heterogeneity in pharmaceutical formulations by altering
the size of ROIs a TASC results of a set of ROIs on the formulations with small areas showing low
reproducibility as suggested by the large error bars. This implies the heterogeneity of the sample at
the scale of tested size of ROI; b TASC results of a set of ROIs on the same sample formulations as
tested in (a) but with larger tested areas. The error bars for this set of ROIs are smaller than the
ones in (a) indicating less heterogeneity when the sizes of the ROIs are increased; ¢ DSC results of
the same formulation show high reproducibility due to the nature of the DSC measurement relating
to the bulk sample. (Reproduced from Ref. [7] with permission)

1.4 Conclusions

The ability to make localized thermal measurements has been available since the
invention of micro (then nano)-thermal analysis. However, the high cost of atomic
force microscopes and their limitations in terms of the range of length scales they
can access has limited the use of spatially resolved thermal analysis. Working at the
nanoscale remains the preserve of scanning probe microscopy for this type of study,
but there many cases where microns to millimeters is the range of interest. When
this is the case, TASC provides an alternative that is, in many ways, more powerful
because a large amount of data can be easily and retrospectively obtained by
analyzing the images provided by hot-stage microscopy. Local thermal analysis is
made more accessible using this approach and localized measurements are often
needed to correctly interpreting the data provided by more conventional means.
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Chapter 2

Sample Controlled Thermal Analysis
(SCTA) as a Promising Tool for Kinetic
Characterization of Solid-State Reaction
and Controlled Material Synthesis

Jose M. Criado, Luis A. Pérez-Maqueda and Nobuyoshi Koga

Abstract The historical development of the thermal analysis methods that imply
an intelligent control of the reaction temperature by the own sample (SCTA) is
outlined. It has been shown that the precise control of the reaction rate involved in
SCTA enables a control, either direct or indirect, of both the partial pressure of the
gases generated/consumed by the reaction and the heat evolution/adsorption rate
associated to the reaction. This control allows to minimize the influences of heat
and mass transfer phenomena and to obtain real kinetic parameters of the forward
reaction that occur under the conditions far from the equilibrium. Moreover, it is
shown that the shape of o—T plots obtained under constant rate of transformation
(CRTA) is strongly dependent on the kinetic model, while the o—T plots obtained
using the conventional linear nonisothermal method represent a sigmoidal shape
irrespective of the kinetic model. Thus, CRTA has a considerably higher resolution
power for discriminating the kinetic model obeyed by the reaction. The applications
of SCTA methods both for the kinetic analysis of solid-state reactions and for the
synthesis of materials with controlled texture and/or structure have been reviewed.
The chapter contains 202 references.

2.1 Introduction to Sample Controlled Thermal Analysis

Sophisticated controls of material synthesis processes are necessary for obtaining
the functional materials with desired chemical and physical properties. Among
others, thermal treatments involving calcination and annealing processes are of
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paramount importance in the synthesis of materials. For developing well-controlled
synthesis procedure of the advanced materials via the thermal treatments of pre-
cursor materials, the chemical and physical processes that occur in the solid state
should be characterized in details. Thermal analysis methods such as thermo-
gravimetry (TG), differential thermal analysis (DTA), differential scanning
calorimetry (DSC), and evolved gas analysis (EGA) are extensively used in
material characterization including the kinetic analysis of solid-state reactions. In
general, all thermal treatments are performed under isothermal or linearly increasing
temperature (linear nonisothermal) conditions. Another alternative to perform
thermal treatments can be designed by controlling the rate of thermally induced
transformation according to predetermined rules, resulting in a smart temperature
control where the transformation kinetics of the reaction governs the temperature
profile during the course of the process. This technique with the inverse concept of
thermal analysis is generally named Sample Controlled Thermal Analysis (SCTA).
This alternative approach is realized by monitoring the rate of thermally induced
variation of a physical property of the sample that is proportional to the reaction
rate. By using a feedback control system, the regulation of variation rate of such
property according to predetermined rules determines the temperature profile during
the reaction. We will refer along this chapter to one of the SCTA methods, that is,
the most generally used technique to control the temperature in such a way that the
reaction rate is maintained constant all over the process. The SCTA technique is
known as Constant Rate Thermal Analysis (CRTA).

Probably, the first CRTA instrument was that proposed by Smith in 1940s [1].
This method referred to as “Smith Thermal Analysis” [2] used a differential ther-
mocouple to establish a constant temperature difference between sample and fur-
nace wall and is continuously employed even in a modernized form to study alloys
systems [3]. The sensitivity of this method has been dramatically improved by
Charsley et al. [2], by applying the advantages of CRTA to DSC, named “Sample
Controlled Differential Scanning Calorimetry (SCDSC)” [2]. However, the great
boost of SCTA methods was driven in the 1960s and 1970s because of the works of
two groups, one in France and the other in Hungary. In France, Rouquerol
developed that called “Constant Rate Thermal Analysis (CRTA)” [4-6]. This
method uses the partial pressure of the evolved gases for monitoring the transfor-
mation rate and as feedback signal for controlling sample temperature. Conversely,
the Paulik brothers, in Hungary, used the derivative TG (DTG) signal for the same
purpose and used the term “quasi-isothermal” for describing the working conditions
of their device [7-9]. Different devices for maintaining the reaction rate to be
constant during the course of the process have been described in literatures [10—13].
Since then, other approaches have been proposed in literatures, it is worth citing
that of Serensen, called “Stepwise Isothermal Analysis” [14]. In this method, the
sample temperature is increased at a constant heating rate until the reaction rate
reaches a pre-set limit, then the temperature remains constant until the reaction rate
reaches a lower pre-set limit, when the heating is reassumed. Parkes et al. [15]
proposed another approach, in which the sample temperature is maintained at a
constant, while the partial pressure of the reactive gas is adjusted so as to keep the
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reaction rate to be constant. Other authors have proposed a new form where the
reaction rate is steadily accelerated, providing better resolution for kinetic analysis
[16, 17]. Recently, most of commercially available thermal analysis devices are
equipped with the SCTA methodologies in their most modern instruments, while
proposing new modified approaches such as high-resolution thermal analysis
(High-Res™) introduced by TA Instruments® [18] or Max-Res™ included in the
software of Mettler®.

The developments of SCTA techniques are expected to expand the application of
the quantitative analysis for the changes in the physico-chemical properties of
materials during thermally induced transformation process to the complex process
by realizing the higher experimental resolution for deconvoluting partially over-
lapping multistep reaction. An illustrative example is the application of SCTA to
the compositional analysis of multicomponent polymeric materials. Figure 2.1
compares the mass-change curves recorded in flowing N, under the conventional
linear heating condition at a heating rate f of 1 K min~' and under CRTA control at
a C (= da/df) of 3.0 x 107 min~" for PVC blended with a plasticizer, DINCH (1,
2cyclohexane dicarboxylic acid, diisononyl ester) [19]. The temperature profile of
CRTA apparently indicates well separated two-step mass-change process composed
of the evaporation of the plasticizer and the thermal degradation of the polymer,
while the two-step process cannot be distinguished in the conventional TG. Thus,
SCTA can be used to determining the percentage of plasticizers contained in
blended polymers, as well as chromatographic techniques [20, 21].

SCTA is also promising for solving long-discussed methodological problems
inherent in the kinetic analysis of solid-state reaction using thermal analysis and for
precisely controlling the morphology and structure of solid products in the material
synthesis via the thermal treatment of solid precursors. In this chapter, the merits of
SCTA for applying to the kinetic analysis of solid-state reactions and to the mor-
phological and structural controls of solid products during the solid-state reactions
are described as exemplified by some practical examples.
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Fig. 2.1 Comparison of mass-change traces of a blended PVC-DINCH recorded in flowing N:
a under linear heating condition at f of 1 K min~' and b under constant transformation rate
condition at C (= do/df) of 3.0 x 107> min~! [19, 22]
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2.2 Advantages of SCTA for Recording Kinetic Rate Data

The kinetic analysis of the solid-state reactions is a scientific methodology con-
structed with different components involving the measurement of kinetic rate data,
kinetic theory, and kinetic calculation [23]. As the measurement technique, various
thermal analysis methods have widely been used for tracking of the reaction pro-
cesses of solid-state reactions. The simplified kinetic equation with the assumption
of the single step reaction regulated by a specific rate-limiting step is used in many
kinetic studies [24, 25].

%:Aexp(—g—;)f(oc) (2.1)

where o is the reacted fraction at time #; E, is the apparent activation energy; A is the
pre-exponential factor of Arrhenius; 7 is the absolute temperature; and f{o) is a
function depending on the physico-geometrical mechanism of the reaction [26].
Many different calculation methods have been proposed for determining the kinetic
parameters, i.e. E,, A, f(o), and kinetic exponents in f{o), by applying Eq. (2.1) to
the analysis of experimentally resolved thermoanalytical curves [27, 28]. The
experimentally determined kinetic parameters are used for discussing the kinetic
characteristics of the reaction, for evaluating possible change in the Kkinetics
depending on reaction conditions, and for comparing the kinetic characteristics
among a series of samples and reactions. In this scheme, any drawbacks in each
methodological component possibly affect the physical significance of the apparent
kinetic parameters. Therefore, further developments of each methodological com-
ponent are necessary for promoting the methodology to be more powerful tool for
researches in modern material sciences [23, 25]. At the same time, each method-
ological component should compensate the drawbacks in the others for establishing
the logically coordinated methodology for kinetic analysis that is fully supported by
chemistry and physics.

The measurement of kinetic rate data is essential for the reliable kinetic analysis.
The precise measurements realized using modern thermoanalytical instruments do
not necessarily provide the reliable kinetic rate data. This relates to the other
methodological components, that is, the kinetic theory illustrated by the funda-
mental kinetic equation and the kinetic calculation method employed for the data
analysis. In the fundamental kinetic equation Eq. (2.1), the reaction rate is
expressed only as the functions of 7 and o, and no other factors that affect the
reaction rate is assumed. This simplified assumption is rarely realized in the actual
solid-state  reactions, because of the heat evolution/absorption and
generation/consumption of gases during the reaction. The apparent reaction rate is
more or less influenced by the self-generated reaction conditions and those changes
during the reaction, which is not considered in the fundamental kinetic equation.
Therefore, careful considerations of the sample and measurement conditions are
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requested for minimizing the influences of mass and heat transfer phenomena on the
apparent reaction rate behaviour [29]. SCTA have important advantages for
tracking of the kinetic rate data of solid-state reactions with regard to the con-
ventional linear nonisothermal and even isothermal methods. The precise control of
the reaction rate involved in SCTA enables a control, either direct or indirect, of
both the partial pressure of the gases generated/consumed by the reaction and the
associated heat evolution/adsorption rate during the course. This control allows to
minimize the influences of heat and mass transfer phenomena and to obtain real
kinetic parameters of the forward reaction that occur under the conditions far from
the equilibrium.

Figure 2.2 compares the TG-DTG curves for the thermal decomposition of
NaHCOj; under isothermal, linear nonisothermal, and CRTA conditions [30] drawn
as a function of time, which is in accordance with that illustrated conceptually by
Reading [31, 32] and clearly describes the differences of the experimentally
resolved thermoanalytical data as a source of kinetic rate data in view of the control
of self-generated reaction conditions during the reaction. The shape of the DTG
curves is directly correlated to the variations in the rates of gaseous evolution and
heat exchange during the reaction. It is thus apparent that the variations in the rates
of gaseous evolution and heat exchange are the most significant for the thermo-
analytical data recorded under linear nonisothermal conditions, although the mag-
nitudes change depending on the applied measurement conditions involving sample
mass, heating rate, flow rate of inert gas, and so on. The variations are largely
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Fig. 2.2 TG-DTG curves for the thermal decomposition of NaHCO; (100-170 mesh, sample
mass mo = 5.0 mg, in flowing N, (80 cm® min~!)) recorded under a isothermal (T = 398 K),
b linear nonisothermal (ff = 2 K min~!), and ¢ CRTA (C = 10.0 ug min~') conditions [30]
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diminished in the isothermal measurements, but still cannot be ignored. If the
variation rate of a physical property for a single step reaction, mass-change rate in
the example of Fig. 2.2, was controlled to be constant as in CRTA, no variations of
the rates of gaseous evolution and heat exchange are practically found. The dif-
ferences among the thermoanalytical data recorded under different temperature
control modes produce different self-generated reaction conditions during the
reaction and possibly cause the different influences of the mass and heat transfer
phenomena on the apparent kinetic behaviour. Even under such different reaction
conditions produced by the reaction, all of the kinetic rate data recorded under
different temperature control modes are equally useful for the kinetic analysis based
on Eq. (2.1), if the reaction rate of a single step reaction was not sensitive to the
variations in the partial pressure of the evolved gas, and the appropriate measure-
ment conditions were selected for realizing negligible temperature gradient within
the sample. The establishment of the ideal situation is confirmed by examining the
isoconversional relationship (Eq. 2.2) among the data points at a fixed o extracted
from a series of kinetic rate data recorded under different temperature control modes
and the constancy of the evaluated E, values at different o during the course of
reaction, because Eq. (2.1) is applicable to all of the kinetic rate data under different
temperature controlled modes [33, 34].

E,
RT,

In (%) = A7) (2.2)

Such ideal kinetic behaviour in view of simplicity of the kinetic analysis is
actually observed in the practical reactions as is illustrated in Fig. 2.3 for the kinetic
analysis of the thermal decompositions of NaHCO; [30], In(OH); [35], and
Na,CO5-(3/2)H,0, [36]. In these examples, the isoconversional plot of In(do/df)
versus T_l, known as the Friedman plot [37], for the data points at the fixed o are
appreciably linear and the E, values are practically constant in a wide range of a. In
the isoconversional kinetic relationship, the data points obtained from the mea-
surements using CRTA take over the lower reaction rate and temperature part in the
kinetic relationship. In general, the lower the reaction rate is the higher the chance
to diminish the gradients of temperature and partial pressure of evolved gas in the
sample matrix. Therefore, the data points of CRTA can be used as the reference for
examining the applicability of the thermoanalytical data recorded using the con-
ventional isothermal and linear nonisothermal methods and appropriate range of the
temperature program parameters, 7 and f.

The advantage of CRTA in terms of maintaining constant the partial pressure of
product gas and the reaction rate at a possibly small constant value is of paramount
importance in the case of the kinetic analysis of reversible reactions in the thermal
decomposition of solids; A(s) & B(s) + C(g). In such a case, the reaction rate
should be expressed by considering the partial pressure, P, of the gaseous product

and the equilibrium pressure, P4, of the reaction [24, 38]:
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where A.S and A H are the entropy and the enthalpy of the reaction, respectively. It
is clear from Eq. (2.3) that the term (1 — P/P,) should be maintained close to unity
in order to obtain reliable kinetic parameters for the forward reaction represented by
Eq. (2.1). If the value of P were strictly controlled or precisely measured through
the overall reaction, it would be possible to carry out a meaningful kinetic analysis
using Eq. (2.3), for which SCTA is a proper method. On the other hand, the
isothermal and linear nonisothermal temperature control methods (Fig. 2.2) would
lead to significant changes in the reaction rate and in the partial pressure of the
product gas, which generally cannot be controlled and could modify the shape of
the thermoanalytical curves leading to a meaningless interpretation of the reaction
mechanism. Owing to the good control of both the atmosphere surrounding the
sample and the real temperature of the sample bed exerted by SCTA methods, the
E, values determined for either reversible [39-52] or irreversible [53] thermal
decompositions of solids were sometimes independent of the starting sample mass
mg in a wider range, while a similar behaviour was not observed when the mea-
surements under linear nonisothermal conditions were concerned. For example,
Criado et al. [39] reported that the E, value for the thermal decomposition of
CaCQOj; CaCO; = CaO + CO,, as determined under a high dynamic vacuum
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using SCTA experiments, was independent of my in the investigated range, i.e. from
0.5 to 50 mg. However, the E, value determined from conventional linear heating
TG curves under high vacuum is strongly depending on the experimental condi-
tions. For obtaining the relevant E, value with reference to that determined using
SCTA, the measurement conditions using myq less than 2 mg and f lower than
1 K min~" were necessary in the linear nonisothermal measurement. These results
are consistent with those reported later by Reading et al. [42] for the same reaction.
Koga and Criado [51] investigated more critically the range of my, where the
influence of the mass transfer phenomena is practically negligible during CRTA
measurements for the thermal decomposition of CaCO; under high vacuum, in
which a series of CRTA curves under high vacuum was recorded by controlling the
evolution rate of CO, to be a fixed constant value and by changing m. As shown in
Fig. 2.4, the effect of the mass transfer phenomena on the apparent kinetic beha-
viour appears to be practically negligible in a smaller m, range (my < 10 mg),
where the isoconversional relationship was actually established. This ideal situation
was suddenly broken due to the influence of the mass transfer phenomena when m
was attained a certain value, although the critical m value is the empirical value
that varies with the size of sample pan, sampling conditions, and controlled
vacuum.

In the case of the thermal decomposition of CdCO5; and PbCOs, it was further
difficult to obtain E, values independent of mg and f from conventional linear
nonisothermal measurements, while the E, values obtained from SCTA were
practically constant in a wide range of mg [41]. The similar conclusion was derived
by Ortega et al. [44, 49] through the kinetic study of the thermal decomposition of
dolomite. From those results, SCTA can be recognized as one of the most reliable
approaches for obtaining meaningful kinetic parameters for the thermal decompo-
sition of solids. The influence of the partial pressure of the product gas around the
sample on the kinetic results analyzed by several authors [46, 55, 56] indicated that,
in the case of reversible reaction, a poor control of the pressure would lead to
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artificially high E, values as is expected from Fig. 2.4, although reliable kinetic
parameters of the forward reaction could be obtained by introducing an accom-
modation function for the partial pressure of product gas [56] in the general kinetic
equation as in Eq. (2.3), if the partial pressure of the product gas around the sample
is known or measured.

Rouquerol et al. [57, 58] proved that even a relatively small change of the partial
pressure of the product gas in the high vacuum range could influence on the
reaction mechanism of the thermal dehydration of inorganic hydrates. This beha-
viour would explain that the E, values obtained from SCTA methods are inde-
pendent of my in an appreciably wide range, while the kinetic parameters obtained
from conventional linear nonisothermal method very often depend on myq and f.
This is because all the kinetic analyses of reversible reactions referred in the pre-
vious paragraph had been carried out using experimental SCTA data recorded under
vacuum and at a low constant partial pressure of the product gas during the course
of reaction. The ideal reaction conditions were realized by employing instruments
based on the method originally developed by Rouquerol [4-6], where the sample
temperature was regulated so as to control the residual pressure to be a low constant
value. As the results, the influence of the mass transfer phenomena on the exper-
imentally resolved thermoanalytical curve is minimized and the accommodation
function for the partial pressure of the product gas in Eq. (2.3), (1 — P/Py), can be
treated approximately as unity or a constant. It has been shown by Criado et al. [39]
that it is difficult to maintain the partial pressure of CO, during the thermal
decomposition of CaCOj; to be a constant in the conventional linear nonisothermal
measurement, even if a dynamic starting vacuum of 2.6 x 10™* Pa was applied
using a high pumping rate vacuum system. For example, when the TG curve for the
thermal decomposition of CaCO; with mg of 21 mg was measured at a f§ of
10 K min~' in the dynamic vacuum system, the partial pressure of CO, increased
up to approximately 10~ Pa. To keep the starting pressure of 2.6 x 10~* Pa during
the thermal decomposition, m, and f should be decreased to 1 mg and
0.5 K min~", respectively. However, mass-loss curves at a constant pressure as low
as 5 x 107 Pa during entire course of the thermal decomposition were recorded,
under SCTA conditions, irrespective of my. Furthermore, the thermal decomposi-
tion of BaCOj3 was studied using SCTA under constant residual partial pressures of
CO, lower than 107> Pa by using a high vacuum system equipped with a mass
spectrometer attached to a thermobalance [59]. In this case, the partial pressure of
CO, evolved by the reaction was directly monitored during the entire experiment by
means of the mass spectrometer, and even partial pressures lower than the total limit
vacuum of the system are used for the feedback control of the sample temperature.
Using this procedure, the thermal decompositions of very stable compounds with
low equilibrium pressures could be studied in conditions far from equilibrium.
Further complex cases can be found for the thermal decomposition of solids that
evolves more than one gas and each evolved gas influences differently on the
apparent kinetic behaviour. Koga et al. [13, 54, 60—-63] approached to the complex
kinetic behaviour observed for the thermal decompositions of NaHCOs;,
Cu,CO5(0OH), (synthetic malachite), and Zns(CO3),(OH)g (synthetic hydrozincite),
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using an instrument of constant rate EGA (CREGA) coupled with TG, in which the
concentrations of CO, and H,O in the inlet gas to TG were systematically varied
and the changes in CO, and H,O concentrations in the outlet gas from TG were
controlled to be constant values using CRTA technique. Through examining the
thermal decomposition processes that simultaneously evolve CO, and H,O under
systematically varied conditions of applied and controlled concentrations of CO,
and H,O0, it was revealed for the thermal decompositions that CO, indicates normal
effect on the apparent kinetic behaviour in view of chemical equilibrium, while H,O
exhibits the inverse effect.

The possible thermal gradient within the sample matrix induced by self-cooling
or self-heating by the enthalpy of the reaction and the influences of heat transfer
phenomena on the experimentally resolved shape of thermoanalytical curves can
also be diminished by the application of SCTA. This advantage is used for studying
significant exothermic reactions that lead ignition of the sample under conventional
thermal analysis method. In SCTA, the self-heating effect by the exothermic
reaction can be regulated by controlling the transformation rate during the entire
course of the reaction; therefore, preventing thermal runaway and ignition as was
demonstrated by Charsley et al. [2] in the study of metal-oxidant pyrotechnics.
Paulik [64] has reviewed the successful applications of SCTA for the study of
exothermic reactions.

Despite of the problems concerning mass and heat transfer phenomena, appli-
cation of periodical rate jump during the CRTA measurement proposed by
Rouquerol [65-67] can be used for determining reliable E, value even using a larger
mg. The CRTA jump method imposes periodical jumps between two pre-set
reaction rates, C; and C,, and records the accompanied change in the sample
temperature from 7, to 7. Because the transformation rate is originally controlled
at a low constant rate in CRTA, the fraction reacted at times just before and after the
rate jump can be approximated to a constant value. Then, using the two data sets of
controlled rate and temperature, (C;, T}) and (C», T,), the E, value can be calculated
in an isoconversional scheme.

_RNT | G

E, = n
LT, C

(2.4)

As in the Friedman plot based on Eq. (2.2), the kinetic model function is can-
celled between the two states. It was reported in many kinetic studies of the thermal
decomposition of solids, the E, values at different rate jump points are practically
constant and reasonable in comparison with other data sources [44, 68], indicating
the practical usability to determine the E, value from a single CRTA rate jump
measurement.

The above review results support our primary statement concerning the advan-
tage of SCTA and allow us to conclude that SCTA methods are a more reliable
approach than conventional linear nonisothermal methods in order to obtain reliable
E, values for the thermal decomposition of solids.
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2.3 Merits of Kinetic Calculation Using CRTA Curves

The resolution power of SCTA for discriminating among the reaction kinetic
models of solid-state reactions listed in Ref. [24] is somewhat more favourable than
that of isothermal methods and considerably higher than that of conventional linear
nonisothermal methods. This analysis will be mainly based on CRTA that has been
the most extensively and systematically studied among different SCTA methods in
literatures, as shown in previous reviews on the topic [31, 32, 69]. The charac-
teristic of CRTA is especially important when a single thermoanalytical curve is
subjected to the kinetic analysis. However, various kinetic calculation methods
using a single thermoanalytical curve recorded under linearly increasing tempera-
ture have been proposed and widely used because of less laborious procedure.
However, the single run methods have an apparent drawback of mutually correlated
apparent variations of calculated kinetic parameters involving E,, A, and f{o) [70].
This problem is clearly illustrated by curve fittings of a single o—T plot under linear
nonisothermal condition using different kinetic models as shown in Fig. 2.5 [71,
72]. By assuming F1, A2, and A3 models, the uniform -7 plot can be reproduced
within an error lower than 107°%, where different sets of Arrhenius parameters, E,
and A, are estimated for the respective f{o) assumed. Therefore, the mutual corre-
lation of the calculated kinetic parameters leads the distortion of the calculated E,
and A values due to the wrong choice of f{z) and a superficial linear correlation
between E, and In A values calculated by assuming different kinetic model func-
tions [70, 73-77]. The distortion of the Arrhenius parameters by the wrong choice
of the kinetic model function can be explained as a simple mathematical relation-
ship using an approximation of exponential temperature integral under linearly
increasing temperature condition [78, 79].
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where Egis and Ag;s are the distorted Arrhenius parameters caused by the use of
wrong kinetic model function F(o). The subscript p denotes the values at the peak
top of the transformation rate under linearly increasing temperature condition. To
avoid this problem, it is generally recommended to use a two-step kinetic calcu-
lation procedure using a series of thermoanalytical data recorded under different
measurement conditions, which is composed of the determination of E, value as
the first step using the isoconversional method and subsequent determination of
A and f(x) using the master plot method [28, 34, 80-82]. The single step kinetic
calculation based on Eq. (2.1) using multiple thermoanalytical data proposed by
Pérez-Maqueda et al. [83] as the combined kinetic analysis method is also useful to
avoid the problem. In connection with this problem, the higher power of CRTA for
discriminating the kinetic model function provides the possible opportunity of the
determination or estimation of the kinetic model function in the first step using a
single CRTA curve.

Because in CRTA, the transformation rate is kept constant at a programmed
value C, Eq. (2.1) can be rewritten in the following form

C = Aexp < If—;)f(a) 2.7)

In the scheme of constant transformation rate, the shape of CRTA curves
characterized by T—o plots (inverse to o—T plots of linear nonisothermal measure-
ments because of inverse measurement logics) are strongly depending on the typical
kinetic model functions for the solid-state reactions [71, 85], while the o—T plots
obtained using the conventional linear nonisothermal method at a f§ represent a
sigmoidal shape irrespective of the kinetic model. Thus, it is quite impossible to
discern the reaction mechanism from the shape analysis of a single TG curve
recorded under linear nonisothermal condition [86-93]. The shape analysis of 7T—a
plots of CRTA curves with respect to different f{or) would be very illustrative for
demonstrating the power of CRTA for discriminating the most appropriate f{e) from
a single experimental curve. Figure 2.6 compares the shapes of T—a plots of CRTA
curves drawn by assuming different f{«) functions [54, 72, 94]. It is clearly seen that
the T—a plots for the phase boundary controlled models (Rn) are concave with
regards to o axis, while those of diffusion controlled models (Dn) present an
inflection point. From the difference in the shape of 7—x plots, the reactions that
obey to Rn and Dn models are distinguishable. However, this observation is
applicable to the reaction of the uniformly sized reactant particles, because the
shape of CRTA curves for the reaction of interface shrinkage type including Rn and
Dn changes depending on the degree of distribution in the particle size [95, 96].

The T-o plots for the Avrami-Erofeev (Am) equation that describes a
nucleation-growth model show a minimum temperature midway through the



2 Sample Controlled Thermal Analysis (SCTA) as a Promising Tool ... 23

4
0 (a) Rn model 440 (b) Dn model 480 (c) Am model A0S
440 - 420
460
D
430 - 4004 °' D4
E‘ R3 / /o p 2 440 -
P~
420 380
R 420
410 360 +
400 +——1——1——1——1— 340 +————1—+1+1— 400 +——4————1——1—1

0.0 02 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 06 08 1.0
Fraction reacted a

Fig. 2.6 T-o profiles of CRTA curves corresponding to different kinetic models simulated
assuming E, = 100 kJ mol™', A = 5.0 x 10® s™', and C (= do/dr) = 1.0 x 107* 57" [54, 72, 94].
(Reproduced from [54] with permission)

reaction when m > 1. By this characteristic of the shape of CRTA curve, the
reaction of Am models can be distinguished from Rn and Dn models. The « value at
the minimum temperature (,,,) has the specific values for respective Am equations
with different kinetic exponents (o, = 0.393; 0.486; and 0.528 for the models A2,
A3 and A4, respectively) [71]. The o, values calculated for CRTA curves for Am
model are perfectly in agreement with the calculated o value at the maximum
transformation rate under isothermal conditions [38, 97]. The relationship between
the rate behaviour under isothermal condition and the 7« profile of CRTA for Am
models was clearly described by Tiernan et al. [98]. The initial temperature
decreasing part in the T—o profile of CRTA would correspond to the acceleratory
period under isothermal condition, where the total area of the reaction interface
increases by the nucleation and growth of the nuclei. In CRTA, the acceleration
would be offset by a diminution of the temperature in order to maintain the
transformation rate constant. The later rising temperature stage of CRTA would
correspond to the decay period under isothermal condition, where the reaction rate
decelerated by the overlapping of the growing nuclei. The deceleration must be
compensated by increasing the temperature in CRTA. The specific value of «,, for
each Am model can be used for discriminating the most appropriate Kinetic
exponent among different Am models. A similar 7-a profile with the minimum
temperature midway through the reaction would be observed for the reaction that
indicates a sigmoidal mass-change trace under isothermal condition. The typical
examples are the consecutive surface reaction and subsequent shrinkage of the
reaction interface towards the centre of the reacting particle as have been formalized
under isothermal condition by Mampel [99], autocatalytic reaction formalized by
Prout and Tompkins [100, 101], and random scission mechanism of the thermally
induced polymer degradation [102, 103]. For effectively using the model dis-
crimination power of CRTA, different master plot methods applicable to shape
analysis of CRTA curves have been proposed as reviewed previously [72].
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Many practical examples substantiate the higher model discrimination power of
CRTA. For example, the thermal decomposition of anhydrous nickel nitrate obeys
Am model with m = 2 under isothermal conditions [104]. As shown in Fig. 2.7a, the
T—u profile of CRTA for the reaction apparently indicates the minimum temperature
midway through the reaction at oy, = 0.38 [71], which closely corresponds to the
specific o, value for A2 model (o, = 0.393). The T—u profiles of CRTA that are
characteristic for Am models have been very often reported in literature for different
reactions [57, 58, 62, 64, 105-113], which involves the thermal dehydration of
uranyl nitrate trihydrate reported by Bordére et al. [58] as shown in Fig. 2.7b.
Barnes et al. reported an example that effectively utilized the deconvolution
power of partially overlapping reaction processes and the discrimination power of
kinetic models of SCTA for the thermally induced successive reduction of V,05 to
V,0; in hydrogen atmosphere [106, 114]. The reaction steps involved cannot be
separated in the conventional linear nonisothermal measurement, while possible
three reaction steps, V,0s — V4,09 — VO, — V,0;, are expected from the
overall o—T profile of CRTA as shown in Fig. 2.8. At the same time, Am models
are estimated for the respective reaction steps, because the o—T profiles of all the
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reaction steps indicate the characteristic shape for Am model with the minimum
temperature midway through the reaction. Tierman et al. [98] have reported the
similar effective use of CRTA in their comparative study for the thermal reduction
of different iron oxides involving hematite and magnetite. The thermal reduction of
hematite to metal iron under conventional conditions are recorded as two over-
lapping processes, while in CRTA, the two reaction steps are observed separately as
a complete conversion to magnetite before the reduction of magnetite to iron takes
place. It was also revealed that the reductions of hematite to magnetite and of
magnetite to metal iron follow an Rn model and an Am model, respectively.
Similarly, the thermal reductions of NiO and CuO have also been studied using
CRTA by the same authors, concluding that the shape of the curves is characteristic
of an Am model [98, 115].

In some kinetic studies of the thermal decomposition of inorganic solids reported
recently, the characteristic 7—o profile in CRTA curves with the minimum tem-
perature midway through the reaction were interpreted in relation to
physico-geometrical reaction mechanisms other than Am models. For the thermal
decomposition of FeC,04-2H,0 [116], the T—o profile of CRTA was explained by
the consecutive process of surface reaction regulated by the first order law (F1) and
subsequent phase boundary reaction with two dimensional shrinkage of the reaction
interface (R2), which is expressed by a kinetic equation of Mampel type under
isothermal conditions.

(a) t < 1/kpgr

d k k
& = —2kpgr || 1+ L exp(—kSRt) +kpgrt — | 1+ “PBR (28)
dr kSR kSR

(b) t > l/kppr

do kper  kpBR ksr
— = =2k —ksrt) |1 - 2.9
dr roR XP(—ksr!) [ * ksr ksr exp (kPBR (29)

where ksr and kpgr are the rate constants for the surface and phase boundary
reactions, respectively. Differently, the similar 7—o profile of CRTA observed
for the thermal decomposition of Na,COs5:(3/2)H,O, was interpreted by a
physico-geometrical model that assumes the acceleration of linear advancement
rate of reaction interface in the scheme of contracting geometry [36]. This type
of reaction also indicates a sigmoidal shape of the integral kinetic curve
(o—f) under isothermal conditions and expressed by the kinetic model function
originally proposed by Galwey and Hood [117].

flo)=2n(1—a)' V"1 = (1= )/" 2 (2.10)
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where n is the dimension of interface shrinkage. Many other examples of the
successful use of SCTA and CRTA for the study of kinetics and mechanisms of
solid-state reaction can be found in literatures [10, 13, 22, 50, 61, 63, 118-144],
which involve the kinetic studies of solid—gas reactions in the framework of the
CO, capture from the atmosphere [136, 137].

SCTA methods have also been applied to the thermal degradation of polymers
[84, 103, 145—-154]. The T—o. profile of CRTA for the typical reaction mechanism of
polymer degradation known as the random scission mechanism is similar to those
of Am models [103, 149]. The reaction mechanism of the thermal degradation of
polybutylene (PBT) has been characterized as a random scission of the polymer
chains using CRTA [146]. Another example of the polymer degradation studied
using CRTA is for polyvinyl chloride (PVC). In many previous studies that used
the conventional thermal analysis [155-160], F1 model has been selected as the
most appropriate kinetic model for the dehydrochlorination reaction. However, the
o—T profile of CRTA does not fit to F1 model as shown in Fig. 2.9 [11, 146] and
clearly indicate the two-step feature of the process, which cannot be deconvoluted
in the conventional linear nonisothermal method. The «—T profile of CRTA for the
first reaction step is characterized by the appearance of the minimum temperature
midway through the reaction. Therefore, the reaction mechanism of the first reac-
tion step of the thermal dehydrochlorination of PVC can be interpreted either by an
Am model [11, 146] or a random scission model [150].

The potential of CRTA for the kinetic model discrimination would be approved
by the above review. Once the appropriate kinetic model function was selected from
a single CRTA curve through the shape analysis of T—o profile of CRTA and using
available master plot methods, the Arrhenius parameters can separately be deter-
mined based on Eq. (2.1) from the same CRTA curve [85, 161]. In addition, the
reliability of the calculated Arrhenius parameters can be confirmed by the com-
parison with the E, value determined using the rate jump CRTA method [65-67].
Therefore, two CRTA measurements, one is the ordinal and the other is the rate
jump measurements, are the minimum requirement for the kinetic analysis. Of
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course, a systematic kinetic approach with the measurements of a series of CRTA
curves under different measurement conditions of my or C are preferable. Using the
series of CRTA curves, the recommended two-step kinetic analysis, determination
of E, by the isoconversional method and the subsequent analysis of the experi-
mental master plot for determining f(o) and A, can be performed using the uni-
versally applicable procedures of kinetic calculation [28, 34, 80-82].

2.4 Application of SCTA to Material Synthesis

2.4.1 Controls of Porosity and Specific Surface Area

The potential of SCTA to control the self-generated reaction conditions in a
sophisticated manner can be applied to the synthetic reactions of materials. The
application of SCTA to material synthesis was first attempted by Rouquerol et al.
[162, 163] for the thermal decomposition of Al(OH); (gibbsite) crystals to form
Al,0O3, where the influence of partial pressure of the self-generated water vapour on
the variation of specific area of reacting sample was examined using CRTA under
vacuum. The thermal decomposition process was controlled at a constant decom-
position rate C (= do/df) of 5.5 x 10~* min~! under different residual pressures of
water vapour within the range from 5.3 to 667 Pa. As shown in Fig. 2.10a, the
variation of specific surface area of the reacting sample largely depends on the
residual pressure of water vapour, where the initial increase in the specific surface
area dramatically increases with increasing the residual pressure. The maximum
value of the specific surface area attained during the thermal decomposition varied
from 40 m* g ' at 5.3 Pa up to 450 m*> g~' at 667 Pa. On further heating, the
specific surface area turns to decrease at the temperature in the range of 250-300 °C
irrespective of the residual pressure. The diminution of the specific surface also
depends on the residual pressure, indicating the higher the residual pressure is the
lower the decrease degree. As the results, the final product of Al,O3 with the larger
specific surface area was obtained when the sample was decomposed at a constant
reaction rate under higher residual pressure of water vapour. The phenomena were
lately reconfirmed by Stacey [164, 165] and Barnes and Parkes [166] for the
thermal decompositions of AI(OH); (gibbsite) and AIO(OH) (boehmite) and
explained with experimental evidence of the formations of slit-shaped micropores,
mesopores, and macropores and the variations of those contributions to the specific
surface area depending on the residual pressure of water vapour during the course
of reaction. With decreasing the residual pressure, the specific surface area attrib-
uted to the microporosity increases accompanied with a decrease in the width of the
slit pores, while the specific surface area attributed to mesoporosity and macrop-
orosity decreases. The significant low specific surface area when the thermal
decomposition was subjected under lower residual pressure was interpreted by the
formation of slit pores with narrow width that cannot be accessed by nitrogen
during the measurement of specific surface area using the Brunauer—-Emmett—Teller



28 JM. Criado et al.

500 AT 400 p =
T (a) Gibbsite T (b) Bayerite El
LN Sl o |Ae
£ 400 — 6-"“‘\0 g nonisothermal =
~— ~— 3004 S E7]
§ i \\b E | (100 kPa in air) g
§ 300 — s A ™ 10 20 30 40 50 60 70
& iy pH0)/Pa | 8 2907 26° (CuK)
= 200 — = «
3 © 6666 3 =
< 7 91333 < 400 4 3
=
S 100 © 13| 5 CREGD <
8. | &3 2 1 (6 x 107" Pa) B
B 0 S ] (== O-0gif— &
0 I T | 0 T I rTrrr? =
100 300 500 700 0.0 0.2 0.4 06 0.8 1.0 | ™ 1020 30 40 50 60 70
Fracti setsd 260° (Cu-K))
1/°C raction reacted a’

Fig. 2.10 Variation of the specific surface area during the thermal decompositions of A1(OH);:
a gibbsite (grain size 1 pm) at a constant reaction rate C (= do/df) of 5.5 X 10~* min~! under
different water vapour pressures [162] and b bayerite (my = 300 mg) under linear heating
condition at § =2 K min~' in air and under CRTA at a controlled water vapour pressure of
6.0 x 107 Pa (C = 18.4 ug min" "), together with the powder XRD patterns of the product solids
[138, 167]

(BET) method. The decrease in the specific surface area on further heating the
sample at a temperature higher than 300 °C has been explained by the effective
annealing temperature for the microporosity being lower than that of mesopores and
macropores. A comparison of the changes in the specific surface area during the
thermal decomposition of synthetic bayerite (Al(OH)3) under linear heating con-
dition in air (100 kPa) and under CRTA condition of controlled residual pressure at
6.0 x 107> Pa also indicated the lower maximum specific surface area under the
CRTA condition in reduced pressure (Fig. 2.10b), where the maximum specific
surface area of each process was approximately 350 m? g~' at o =0.9 and
25 m* g~ at o = 0.4 under the linear heating condition and the CRTA condition,
respectively [138, 167]. n-Al,O3 was obtained as the decomposition product under
the linear heating condition, while the product was amorphous to XRD under the
CRTA condition.

Possible control of porosity of reacting sample during the thermal decomposition
of solids under vacuum was also demonstrated by controlling the decomposition
rate and residual pressure of water vapour for the thermal decomposition of a-FeO
(OH) (goethite to form o-Fe,O5 (hematite) [168, 169], in which an independent
control of both constant reaction rate and constant residual pressure of water vapour
was applied using SCTA. By the SCTA control under vacuum, the porosity of the
hematite product can be controlled by the formations of two different types of pore
structures as shown in Fig. 2.11. Those are the isolated round pores formed at
higher residual pressures (Fig. 2.11a) and slit pore channels oriented along the c-
lattice axis (the long axis of the particle) formed at very low water vapour pressures
(Fig. 2.11b). The specific surface area of the produced hematite was significantly
increased with decreasing the controlled residual pressure of water vapour during
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Fig. 2.11 TEM micrographs of the hematite products obtained by the thermal decomposition of
goethite under CRTA conditions: a P=11kPa and C=7.6x 10*min"' and
bP=73x10"Paand C=33 x 10 min""' [168, 169]

the thermal decomposition of goethite [168, 169]. A similar behaviour was also
found for the thermal decomposition of y-FeOOH (lepidocrocite) to form y-Fe,O;
(maghemite) when both the rate and the water vapour pressure were controlled
during the thermal decomposition using CRTA [170]. However, the trend of the
residual pressure-specific surface area relationship observed for the thermal
decomposition of goethite and lepidocrocite is apparently opposite to those
described above for the thermal decompositions of gibbsite, bayerite, and hematite,
although the respective hydroxides and oxyhydroxides have the similar crystal
structures. It is noteworthy to point out that the microporosity increases in both
isostructural oxyhydroxides by decreasing the water partial pressure during the
dehydroxylation reaction, but the size of the slit-shaped microporous generated
from iron oxyhydroxides are larger than those generated from aluminium oxyhy-
droxides; therefore, they are accessible to the nitrogen adsorption. This behaviour
would explain that the BET surface of iron oxides obtained from the dehydration of
oxyhydroxides increases by increasing the microporosity, contrarily what occurs in
the case of the alumina obtained from aluminium oxyhydroxide. The size of the
structural microporous generated during the dehydroxylation of these compounds
perhaps would be controlled by the cation size in such a way that the lower is the
cation radius the lower is the size of the microporous.

The potential of SCTA for controlling the porosity and specific surface area of
the oxides produced by the thermal decomposition of precursor compounds under
controlled vacuum and reaction rate can be applicable to the syntheses of adsor-
bents and catalysts as have been reported in many works [113, 124, 171-177].
Those works have previously been reviewed by Llewellyn et al. [178], Fesenko
et al. [114], and Pérez-Maqueda et al. [179].
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2.4.2 Controls of Particle Morphology, Size, and Phase
Composition

The SCTA control of both the residual pressure under dynamic vacuum and
the reaction rate has also been applied to the synthesis of barium titanate (BaTiO3)
from the thermal decomposition of its oxalate and citrate precursors [180—183] and
it was reported the successful controls of particle morphology, particle size, and
phase composition of BaTiO; polymorphs. The crystal size and the stabilization of
the cubic phase with regards to the tetragonal phase of BaTiO; were controlled by
changing the controlled residual pressure to different constant values in the range
from 102 Pa to 10 kPa, in which the crystal size of BaTiO5 was decreased and the
cubic phase was stabilized by decreasing the constant residual pressure.
Figure 2.12 shows the electron microscopic views of the citrate precursor
(Fig. 2.12a) and BaTiOj3 products (Fig. 2.12b—d). Round powder particles of
BaTiO; were obtained by the conventional isothermal annealing treatment
(Fig. 2.12b). Under some selected conditions of constant residual pressure and
reaction rate using CRTA method, BaTiO; fibres constituted by welded
nanocrystals (Fig. 2.12¢c, d) were obtained through the thermal decomposition of
acicular shaped particles of barium titanyl citrate [184].

A successful control of the phase composition and the crystal and particle sizes
has also been reported for the synthesis of Si;N, through the carbothermal
nitridization of silica using SCTA by controlling both the reaction rate and the
partial pressure of CO generated by the carbothermal reduction of silica [185-187].
Figure 2.13 compares the SEM images of two Si3N, products obtained through the
carbothermal reduction of silica in flowing a mixed N,—H, gas (95% N,) and by
controlling the reaction rate to be constant at C (= da/df) of 1.1 x 107> min!
under different controlled partial pressures of CO generated by the carbothermal
reduction of silica, which was subsequently annealed isothermally at 1450 °C for
5 h in flowing the mixed gas [187]. The SizN, produced by the thermal decom-
position at the lowest constant residual concentration of CO is constituted by a
mixture of B-Si3N, ribbons and small hexagonal crystallites of o-SizNy
(Fig. 2.13a), while that obtained at the higher residual CO concentration is con-
stituted by hexagonal crystallites of pure o-SizN, with homogeneous size
(Fig. 2.13b). The application of SCTA to the synthesis of other ceramic materials
has also been reported [188—193].

2.4.3 Controls of Debinding and Curing Processes

Multilayer capacitors (MLCs) or in general multilayer actuators (MLAs) constituted
by layers of ferroelectric ceramics separated by electrode metal layers are manu-
factured by stacking the different layers by a tape casting technology, generally
using an organic binder, followed by debinding and sintering processes by co-firing
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Fig. 2.12 Electron microscopic views of the citrate precursor and its thermal decomposition
product, BaTiO5: a barium titanyl citrate (SEM); b BaTiO; obtained by isothermal annealing at
700 °C for 5 h (SEM). ¢ BaTiO; obtained by the thermal treatment under CRTA conditions
(P =1.3 x 1072 Pa) and subsequent isothermal annealing at 700 °C for 5 h (SEM) d as in
(c) (TEM) [184]

treatment. The possible crack formation during the co-firing treatment is the main
problem in the manufacturing of these devices. Therefore, the debinding process is
a rather cumbersome process that very often takes several weeks [194]. The control
of debinding rate at a low constant rate using SCTA is one of the possible solutions
for avoiding the crack formation as demonstrated by Speyer et al. [194, 195].
Figure 2.14 illustrates the optical microscopic views of the polished surfaces of
MLAs obtained by debinding at different controlled rates. It is clearly shown that
the delaminating damage is dramatically reduced by decreasing the debinding rate.

The SCTA technique has also been applied to the thermal curing of concretes
[196]. During the curing process, crystallization of xonotlite and other hydrates can
be hindered by the control of the thermal dehydration rate at a low constant rate and
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Fig. 2.13 SEM images of SizN, obtained from carbothermal reduction of silica at the constant
reaction rate C (= do/df) of 1.1 x 107> min~! under different constant concentration of CO:
a 20 Paand b 1 kPa [187]

0.003 0.005 0.01 0.015 0.02 0025003
Controlled debinding rate / % min ™’

Fig. 2.14 Optical microscopic views of the polished surfaces of MLLAs obtained under different
controlled debinding rates [195]

maintain the partial pressure of water vapour in the close vicinity of the samples at a
lower value. SCTA techniques were also useful for controlling the interfibre
porosity and for eliminating the structural microporosity of sepiolites [197] and for
synthesising oxide systems with tailored specific surface [198-200]. A study of the
thermal dehydration of the hydrated rare earth polyphosphates using SCTA for
obtaining the anhydrous salts, which is of great interest as catalysts and luminescent
materials, has been reported in literature [201, 202]. A novel Ce(PO;); phase with a
crystal structure, different from those of the other lanthanide polyphosphates, has
been obtained by controlling the thermal dehydration at a constant reaction rate so
as to maintain the partial pressure of self-generated water vapour to be a constant
value of 5 kPa [201].
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2.5 Conclusions

In addition to the higher resolution power for the thermally induced multistep
processes, SCTA techniques represent higher potentials for applying to the kinetic
analysis of the solid-state reactions and polymer degradations and for controlling
the synthetic and manufacturing processes of materials and devices. The special
performance of SCTA to control the reaction rate at a small constant value and the
partial pressure of the evolved gas at a low constant value offers the measurements
of the kinetic rate data for the reaction under the controlled reaction conditions
involving the conditions self-generated by the reaction itself. In modern SCTA
instruments, the reaction rate is controlled precisely even for the process with a
small total change of the measured physical properties, for example several hundred
pg in TG. The SCTA measurement using a small amount sample provides ideal
kinetic rate data, in which the gradients in temperature and partial pressure within
the sample matrix are largely diminished in comparison with conventional
isothermal and linear nonisothermal measurements. When applying the data to
kinetic calculation, the T—u profile of CRTA are characteristic for the respective
kinetic models; therefore, the appropriate kinetic model function can easily be
estimated using available master plot methods. This is the significant merit to avoid
possible distortions of the calculated Arrhenius parameters by the wrong choice of
the kinetic model function. In applying SCTA for material synthesis processes, both
the reaction rate and the partial pressure of gases can be controlled to be different
constant values in wide ranges by changing the applied reaction atmosphere,
pumping rate to vacuum, sample mass, controlled transformation rate, and so on.
The performance of SCTA can be used for obtaining the solid products with the
desired chemical and physical properties in the more sophisticated manner in
comparison with the empirical annealing treatments. The advantages of SCTA have
been evidenced by the previous works reviewed in this chapter, and the techniques
can further contribute to the promising advancement of modern material sciences.
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Chapter 3

What Is the Physical and Operational
Meaning of Temperature

and Its Self-Measurability During
Unsteady Thermal Processes

Within Thermodynamic Concepts?

Miroslav Hole¢ek, Jiii J. Mares, Jaroslav Sestak and Pavel Hubik

Abstract Historical maturity of terms temperatura and thermoscope is sketched.
Problem of temperature definition and observation (measurement) is studied in
detail. Temperature is a typical averaged quantity clear-cut under equilibrium only.
A self-measurability condition is implied, and some consequences are outlined.
Physical and operational meaning of temperature and its self-measurability during
unsteady thermal processes is analysed. Particular case of thermal analysis often
idealized under constant temperature changes is thermodynamically examined. For
extreme temperature changes as that during quenching, a novel term “tempericity”
is proposed. Branched view to the spheres of alternative thermodynamics is shown
locating thermal analysis as thermotics and quenching as thermokinetics.
Non-equilibrium thermodynamics under a non-constant rate of temperature changes
is analysed. Practical aspects of non-equilibrium temperatures due to heat inertia
and thermal gradients are specified including cases of modulated experiments.
Textbook thermodynamic description under the perceptible impact of second
temperature derivatives becomes ambiguous and associated tabular values are
unclear. Thermotics, thermokinetics, and the validity of the first and second ther-
modynamic laws are discussed bringing another dimension of the thermodynamic
legacy. The concept of equivalence of work and heat is questioned. The chapter
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3.1 Historical Introduction

In modern physics, temperature usually pretends to be a well-defined concept,
intelligible for all and if not so, at least for experts. For instance, even such a critic
and sceptic were par excellence as C. Truesdell, founder of rational thermody-
namics, 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 sophisticated definitions of temperature, based on statistical physics [2] or an
axiomatic approach to phenomenology [3], are rather difficult to understand and
relevant to non-trivial experimental situations (involving, e.g., quantum
interference).

Modern thermal physics [4, 5] started to develop in the seventeenth century with
the invention of the thermometer enabling quantitative studies of thermal phe-
nomena 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 philosophy
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
centuries 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
temperature? 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 fourth
century B.C., is based on the well-known doctrine of four Elements. According to 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 has a tendency
towards its natural place in the surrounding world and permanently possesses two
Qualities, one of which is active (coldness, hotness) and the other passive (dryness,
humidity) and the one of which is dominant (primary Quality) and the other sub-
missive (secondary Quality). 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 potential and/or intrinsic
“thermal” property of all existing substances. Thus, e.g., alcohol, gunpowder and
pepper are intrinsically hot substances, active with respect to other bodies, while
opium and snow are examples of intrinsically cold materials. Moreover, the antag-
onistic nature (so-called contraria) of different Elements and Qualities ensures eternal
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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 submitted to the remarkable
principle of antiperistasis controlling the relationship between two active Qualities
(coldness and hotness). The principle can be verbalized in the following way: the
properties of everything which are bound up with coldness/hotness tend 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 provides, in many cases, correct
qualitative predictions concerning the direction of thermal processes. A typical
example consistent with the principle of antiperistasis originates from Oenopides of
Chios (fifth 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 feel-
ings, but has been confirmed by hydrological studies. There are numerous successful
applications of the principle of antiperistasis, but there are also cases where it com-
pletely failed. For example, the dissolution of black gunpowder 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 problem, 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.

3.2 Temperatura and Thermoscope

In spite of the fact, as we have seen that the concept of temperature was superfluous
for the general description of natural processes within the framework of Aristotle’s
theory, the term temperatura was frequently used by ancient physicians well before
Avicenna (eleventh century A.D.). Such a temperatura was in a close connection
with the individual temperament (later used in the concept of econophysics) 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 seventeenth 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 devised by
Galileo. He tried, also, to measure an immediate characteristic of temperament, i.e.
temperature, by means of a modified version of a very old device called a ther-
moscope, which had already been described by Philon of Byzantine (third century
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B.C.) and Heron of Alexandria (first 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 second half of the seven-
teenth century, there were in use an advanced form of thermometers for medical and
meteorological purposes, namely those constructed by Guericke and by the mem-
bers of Accademia del Cimento in Florence who also invented the closed fluid-type
thermometer. Besides research reports, a box with original instruments was dis-
covered in the last century by Antinori. The following peripatetic (i.e. Aristotelian)
explanation of a thermometer function was put forward. Coldness in the external air
activates the hotness inside the bulb which then escapes most likely into the solid
wall of the bulb. This process changes the ratio between 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 ther-
moscope 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 lower/higher
and the interlaying fixed point can be ever constructed in terms of mathematical set
theory [20]. These free Mach’s postulates were put into a more condensed form by
Mares [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 series and empirical
temperature scales were defined [17-22]; later on, Kelvin’s scale was established by
applying Carnot’s principle and Kelvin’s proposition [23, 24] or by using the ideal
gas scale. The whole story was discussed in our previous papers [9—18], including a
special Chap. 20 of our previous book—Volume 8 [17].

3.3 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 was defined as “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”. This definition became, often
unwritten, part of early thermodynamics [26—30]. The geometrical flavour of which
can be noticed with the formulation of the zeroth law of thermodynamics defines
temperature without addressing thermal equilibrium. That is, “if bodies by, b, and b;
are in equilibrium states it signifies that if b, is in thermal equilibrium with b,, and b,
with b3, then b3 is in equilibrium with b,”. This law strongly resembles the first
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axiom of Euclidean geometry (=300 B.C.) 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 routinely
of a “thermodynamic state”) though neither explicitly using the phrase “thermody-
namic equilibrium”, nor explicitly postulating the existence of a “temperature”
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 equilibrium,
then any two taken separately are in equilibrium with one another. Consequently, if
one of the three systems could be an instrument calibrated to measure the temper-
ature, i.e. a thermometer [22, 35, 36] which is placed in thermal contact with a
measured system reaching the required thermal equilibrium, we then possess 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. In
other words, thermometer is only measuring its own temperature-like state, being
hardly of a scientific interest. This is a clear indictment of the nowadays popular
temperature scanning used in rapid-quenching methods [37, 38].

The measuring of temperature is thus an operation that is very deeply related to
the temperature equalling called equilibration [26-29]. When putting a thermometer
into a medium, the temperature of an active part of the thermometer (e.g. a vessel
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 measuring the body temperature via a classical medical
thermometer).

heat

good kid get off!

—-/(,-SHD (-|\ ,_‘




50 M. Holecek et al.

Many “definitions” of temperature are “hand-waving” but plainly hollow;
examples are “temperature is well acknowledged from the basic courses of physics”
[4, 19, 21, 26-29] or even “temperature is known intuitively”. A shockingly frank
definition says: “Temperature is the digital numeral, read on the
temperature-sensor’s display”. The progress in the sensitivity of temperature sen-
sors (from materials volume expansion (glass-mercury) to single thermocouples,
thermopiles, 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 simple cases, we reveal several problematic points of the
temperature measurement [18, 19, 22, 26, 30]. First, the active part of the ther-
mometer should be small in comparison with the measured (part of) system.
Namely, if it were not so the original temperature of the thermometer, itself could
influence significantly the measured value. Second, the slower the equilibration of
the thermometer with its surrounding, the more problematic may be the figures
given by the thermometer if the temperature of the measured medium is varying.
Namely, then there is no time enough for equilibrating, and the reading 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 negligibly small. Nevertheless, such an
assumption 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 defined. If the active part of
thermometer is not in equilibrium, what is then the meaning of the “thermometer’s
temperature”? In fact, the temperature as a quantity measured by a (macroscopic)
thermometer is some way an “averaged” concept.

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 reading 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 measurements in 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 of 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 can be much more general than the Fourier



3 What Is the Physical and Operational Meaning of Temperature ... 51

law. The general questions concerning self-measurability [40] are under investi-
gation. As a non-trivial example, we outline the problem of very rapid thermal
processes when the Fourier law cannot be applied.

3.4 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 averaging
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 calibrated in
“degrees of temperature” by using some formulas of equilibrium thermodynamics
relating the density of mercury, p, with its temperature under a given pressure,
T =fv(p), (p = const). There are various thermal processes in liquid (e.g. the
temperature of the air varies from place to place during a day), and no perfect ther-
modynamic equilibrium can be assumed within a finite (confined) region at a moment.

The thermometer’s vessel is a small (but a 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 6(x) be the temperature field within the thermometer’s vessel. It corre-
sponds with the local density p(x) = f;,'(0(x)). The measured temperature is thus
an averaged value

= (V7' paV) =fr (V7! [£7(0))av ). (3.1)

Let us notice that the assumption of a local temperature field 6(x) 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 (3.1)
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 ¢ by the following procedure: let us
isolate this part adiabatically from its surrounding at the time ¢ and wait till the
region gets into equilibrium. Its temperature, T = fg(E/V), where E is internal
energy of the region, then defines the temperature at ¢ (i.e. in past). Because the
internal energy of the region cannot change during the adiabatic isolation, this
temperature is in fact identified by the formula
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(1) = fE(V’l Julx, t)dV) (3.2)

where u(x,t) is the field of the volume density of internal energy. The both
examples lead to the same averaging formula, namely

T —f(Vl / o (x, z)dv>. (3.3)

There are also definitions of temperature by a measuring procedure defined not
over a spatial region but over a surface. For example, we assign the temperature to a
region in thermal non-equilibrium as follows: we put the region at time # in the full
contact (along the whole boundary) with an equilibrium bath, whereas the tem-
perature 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 ¢ and is called the contact temperature [41, 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.

3.5 The Self-Measurability

Let us imagine a thermometer with a spherical active part. This part is finite and has
the radius, /, and the volume V;. We assume that the thermal field 7'(x’, ) contin-
uously goes through the medium as well as the active part of the thermometer. The
reading given by the thermometer, 7", is an average of this field over the active
part. Being motivated by the formula (3.3), we define simply the temperature
measured by the thermometer whose centre is at the point x,

™ = (T),(x,1) = V! / T(x,1)dv, (3.4)
Bi(x)

where B;(x) 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, 75", with the other averaged quantity, namely

T = (T)’(x,1) = S;! / T(¥,1)ds, (3.5)
63[()()

where 0B(x) is the boundary of the ball B;(x) with the surface S;.
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Now, we use the Taylor expansion in spatial coordinates of the averaged
quantities (7)? and (T), and get the important formula,

(1)} (x,1) — (T),(x,1) = PN"' (N +2) "' AT (x,7) +o(I*), (3.6)

where N is the spatial dimension of the studied system, usually N = 3.
Let us assume that the temperature field in the active part of the thermometer
obeys the heat equation, 2L = kV*T. Since (T),= T + o(I?), we can use the heat

> Ot
conduction equation on the right-hand side of (3.6) and identify %—f with ag),‘ Asa

result, we get

(1) (x, 1) = (T)(x, 1+ 61(D)) + o (1*), (3.7)
where
or(l) ~k'NTHN +2) 7' (3.8)

The formula (3.7) has a clear meaning: the measured datum, 7™, corresponds
with the (averaged) temperature of the medium, 75", with the time delay 0z().

As expected, this delay tends rapidly to zero when [ — 0. 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 (3.8). Namely, it
implies that a typical velocity of this equilibrating,

Veq X — (3.9)

tends to infinity when [ — 0 since 0t(I) ~ 2. It would correspond to the fact that
heat propagates at infinite speed.

It implies that the diffusion equilibrating of temperatures is a useful approxi-
mation 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 Fourier

law, g + ‘C% = —AVT, leading to the hyperbolic heat conduction equation,
LI — (3.10)
— +1—=5 = KkAT. .
ot or

The Eq. (3.7) may be written simply in the form
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T (¢ + 6t) = T (1). (3.11)

It says that the temperature given by thermometer at any time moment ¢ is a
correct temperature of the surrounding medium at a slightly delayed time ¢ — dz. In
other words, the equilibration may be understood as a certain “fransfer” of infor-
mation about the temperature of the medium into the thermometer. It takes a time ot
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 arbitrarily small spherical piece of the medium.

The thermal equilibration within the medium thus provides some
self-measurability [40, 43] of the field 7: small pieces of media keep at any time
moment t information about the averaged value of the field T in their nearest
surroundings at a previous moment ¢ — 6t. The equilibration thus guarantees that
pieces of media work as measuring device giving continuously delayed information
about their surroundings.

The problem is, however, that the Fourier law may not be valid in special
situations or for special materials. In gases, for instance, the molecules at places
with higher temperature carry higher kinetic energy and thus the random molecular
movement gives, at average, a net flux of energy (the heat flux) opposite to the
temperature gradient as predicted by the Fourier law. This flux, however, is lagged
by a time 7 of the order of magnitude of the mean free flight that corrects the Fourier
law as g(t+1) = —AVT(¢). If the time 7 plays a role in our experimental set-up,
this lag cannot be neglected and we get different kind of equilibration described by
the Cattaneo law [45]. Similar lagging arguments may be used in solids (see, e.g., a
comprehensive review in Ref. [46]). A special situation occurs in metals 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 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
Fourier law of equilibration and can be used in the above-mentioned situations [43].
Independently of which constitutive law governs the heat conduction, there are
always 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,
[ nVTdS, 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
situation when the self-measurability condition has a non-trivial meaning is as
follows. 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 highly
non-equilibrium state [49] thus arises, and the process of relaxation—the
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equilibration 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, 50] which falls beyond the scope of this chapter.

3.6 Particularity of Thermal Analysis

Let us recall that temperature is established as an intensive quantity, & = T, and
heat is characterized as the extensive quantity, X = ¢, quantified as caloric, ¢, casing
thus a couple of conjugate variables when obeying dimensional equation of the
form: [Energy] = [T] x [¢]. This approach was well described in our previous
papers [23, 24] on alternative thermodynamics. Similarly, the 1848 Kelvin’s
proposition [51] is somehow innovative towards 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 fundamental postulate pointing out
that the purpose of a Carnot’s function is to modify the difference of temperature
measured in a particular empirical temperature scale in such a way that it could
serve as a exact proportionality factor between the work, AL, and heat, ¢ (in
textbook thermodynamics normalized to an integration competent fraction, Q/7,
called entropy, S [23, 24, 51-53]). As this factor, AL, according to Carnot’s pos-
tulate, 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.

Furthermore, the heat exchange rate is a primary attribute [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(¢), P = P(¢) or generally any intensive parameter & = (7). Therefore, in
the so-called dynamic thermal analysis [54, 57], a description of the sample’s
environment, to be adequate, requires inclusion of not only the values of 7 or P and
other &, but also of their time derivative, namely that of temperature 7" (= d7/
dt = constant f). Please note that the apostrophe (') signifies time derivatives, and
the bold italic letters (3, T, P) represent functions. Let us assume that under stan-
dard (even if idealized) thermoanalytical conditions of constant heating/cooling
rates, 7' = f3, the generalized thermodynamic function @ [54] (alike the standard
Gibbs energy, G, but extended) of a given thermal state is specified by the set of
intensive parameters 7, P and . For thermal analysis, in the first approximation,
satisfactorily defined @ reads as @ = f(T, T', P, ). Worth of attention is the fact
that function significance of this constitutive thermodynamic potential & is not
distorted by including the first temperature derivative, 7". So it keeps its legitimacy
[54, 56] as
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@ =f(T, P,3)=f(T, T, P,S). (3.12)

However, it is invalid for any further inclusion of higher derivatives of 7" such
as fiT, T', T", P, ) [40, 41]. This process is certainly applicable for any other
derivatives of intensives P, S, etc. It follows that for whichever experimental
inconstancy where anticipated f become #d7/d¢, the state function, @, must
encompass the second derivative of temperature, 7", i.e. f(T, T', T", P, ). This,
however, does not allow the customary amalgamation of established thermody-
namic laws and their conventional mathematical processing. Moreover, in such a
case, the meaning of temperature (as well as of its derivatives 7", T") may become
inexact and thus questionable 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 C, or AH, may not
possess traditionally designed figures and thus should be presented under special
connotation. However, this fact stays often unnoticed in most practical cases of
extreme thermoanalytical experiments. Even the steady temperature reading of
heating furnace/thermostat is used, time and again, as the actual temperature of the
heated sample instead of the true temperature measured, e.g., on the sample surface.

It is worth declaring the yet unfamiliar term “thermokinetics” [10, 57] (derived
from Greek word xivnomn = 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 interior temperatures) changes with time [58]. All
such states existing during heating or cooling are unsteady variable states so that
usual thermoanalytical experiments are based on unsteady states and, as a conse-
quence, on measuring the non-equilibrium temperatures [42, 49, 59-61]. Using heat
transfer equations, we are able to estimate the temperature field (radial profile) for
the applied linear heating rate (i.e. f = d7/dr) in a thermally inert (without transi-
tions or reactions initiated mere by the change of temperature) sample [56, 59] as “a
stabilized temperature profile” (dependence of temperature on coordinates)—e.g.
for the coordinate r (= radial distance from the rotation axis in a cylindrical sample
with infinite height) as

T(r,t) = T(to) + B[(t — to) — (R* — 1*) /4d] (3.13)

assuming T(R, 1) = T(to) +f (1—ty), where R is the external radius of cylinder, Ty is
the initial temperature at time f,, and a = M/(pC) is the thermal diffusivity,
respectively. The instantaneous average (weighted) temperature T,y (f) through all
volume of the sample is then given as [57]

Twe = T(R,t) — fR*/8a (3.14)
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We are able to indicate only temperature on and near to the sample surface
Tss = T(R, 1), and it follows that the difference between the surface and the average
temperature is proportional to the product of heating rate and sample radius, f R*.

3.7 Introducing a Novel Term “Tempericity” for Extreme
Temperature Changes and Tykodi’s Classification
of Thermal Science

During the intact course of special techniques applying rapid thermal changes
during, e.g., quenching [37, 38], the above premises (i.e. @ = f(T, T', P, &), when T
" is constant) are evidently violated since a significant amount of heat is flowing
between the bodies under study. It is raising the question where is the reliability
limit of such a separated but also built-in measurement of heat and temperature
under a process of their mutually linked rapid alteration. In a way, we can perceive
a certain similarity to the Heisenberg quantum limit (which precludes simultaneous
determination of a fast-moving particle’s velocity and position) so that a simulta-
neous measurement of both heat and temperature may be unfeasible when con-
ducting measurements under an extremely rapidly changing temperature [62]. For
the cases that measured temperatures are changing extremely rapidly, a formulation
of new terminology may be necessary [59], namely when inaugurating an opera-
tional quantity (the sensor’s thermoscopic reading) instead the traditional physical
quantity. Such a new operational term for extraordinarily off-equilibrium temper-
ature can still be based on the Latin root “temper” producing term “tempericity”
[56, 59]. Many new terms sounded strange initially, when they were proposed.
However, looking at Table 3.1, tempericity does not seem to be an odd term.

It is worth attention that tempericity brings a narrowed relevance than the
temperature, being just applicable under extraordinarily extreme conditions (e.g.
quenching). Another nickname tolerance (introduced in a generalized connotation
of temperature as a mean property) is complying with the increase of forbearance
along with the parallel increase of temperature. Tolerance becomes relevant to the
degree of disorder in the hierarchical, democratic and anarchical states of tolerance
towards chaos. Tolerance has found application in modelling societal life within
new field of the so-called thermodynamic economy (~econophysics) [63, 64],
which again goes beyond the scope of this chapter and is detailed in Chap. 23.

In respect of such special treatments, we should recall somehow forgotten and
unfamiliar proposition of thermotics (resembling the traditional terminology as
“mathematics” [10, 57, 65]) residing behind the science of heat and based also on
the Greek origin, apparently used as early as in 1837 [65]. American physical
chemist R. Tykodi (1925-2015) made an attempt to recharge the term thermotics in
1960s [66—68] as a term which could be put in a wider usage becoming on a par
with the 1946 term idiom for “energetics”. The latter term was provided by the
Danish physical chemist J. N. Bronsted (1879-1947) [67] and closely connected
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Table 3.1 Branched view to the spheres of alternative thermodynamics

M. Holecek et al.

Thermometry,
calorimetry

Steady transport
processes

Thermal analysis

Processes involving
rapid changes

Sadi Carnot Clapeyron

Fourier, Fick,
Ohm

Golding, Tykodi,
Bronsted

Schick’s “chip” fast-
scanning

calorimetry
Carnot line Fourier line Tykodi line Rapid temperature
(dissipationless work) (workless (adjoining near- changes
dissipation) equilibrium (off-equilibrium)
thermodynamics)
Clausius (classically Stokes and Bronsted and Newton cooling law
based on Kelvin Tykodi (non-steady
thermodynamic laws) particularities particularities gradients, thermal
inertia)
Thermostatics Thermodynamics Thermotics Thermokinetics
Gibbs—phase Clausius-Duhem generalized instable states,
equilibrium inequality of reprocesses unsteadiness
irreversible irreversibility (unsolved yet)
reprocesses
T = constant with dT/dt = constant p ideally constant dT/dt arbitrary # f
ideally zero changes = B, dT%dP = 0 but often d7/ but equal to (A/C)V
dT/dr = 0 dr varying, at least T = (MC)V?T dT%
dr’dr’ = 0 dr* > 0
Temperature Temperature Up till now yet Novel tempericity
temperature
Calorimetry, elderly Onsager relations | DTA theory Updated theories

DTA theory (by
Boersma, Borchadt,
Vold, Berg, Soule)

involving gradients
and thermal inertia
(Gray, Holba)

Sertorio, Jou, etc.
(yet waiting
development)

with the connotation of temperature. In this view, the “thermotics” has managed to
survive as a thermal science comprised of three sub-branches [10, 57]: thermo-
statics (pertaining to the ordinary classical equilibrium aspects of temperature),
while exploited thermodynamics (relevant to those aspects for which time variation
is important) and finally thermostaedics (concerning the aspects that become
temporally steady). The latter is another somehow forgotten sphere suitable to
envelop the growing field of thermal analysis [5, 10-12, 57, 69]. Regretfully,
thermal analysis [6, 7, 55], with its challenges of coupling temperature and heat
flow under non-equilibrium conditions [53, 58], was never appropriately situated
within the fields of the traditional thermodynamics [21, 25-30], and its proper
position can be figured out in Table 3.1.
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3.8 Thermodynamics Under a Non-constant rate
of Temperature Changes: Methods of Observing
Sample Quenching

Let us analyse more special cases of rapid temperature processing [37, 38, 62] which
became now a popular method of the so-called ultrafast isothermal calorimetry using
thin-film sensors [62]. Although the kinetic phase diagrams [5, 70-72] are config-
ured as a stabilized consequence of previous quick temperature changes
(=quenching [56, 71]), we are anyhow focusing our attention on the resultant
low-temperature measurement of the constrained high temperature (i.e. staying at
periphery states excluding process of quenching). 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 principles are yet “preserved” [55, 56, 70-72].
Certainly, it includes the expected problems induced by temperature transfer [43],
thermal inertia [73, 74] and formation of temperature gradients [42, 72, 75], which
was already noticed in the past paper by Smyth [75] and approved in detail in our
book chapter [74] in the previous Volume 9.

Experimentalists are often proud of their ability of measuring temperature under
extremely quick changes [62, 76-78]. Some thermoanalytical papers provide the
measuring precision with many decimal places, but the accuracy is commonly of a
lesser concern. 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 transport processes [53, 79]
including temperature measurements in such extreme conditions and being aware of
the specificity of novel chip measurements [80]. Some of the needed improvements
are elementary, e.g. measuring true sample temperature instead that of the simplified
outer heat zone of the furnace, working out the mean sample temperature instead its
surface’s value [74, 81, 82], etc; that, however, falls beyond the subject of this paper.
Of special interest are those phenomena 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, 79, 83-90].

The relationships in these fluxes resemble those well known in areas other than
thermal research detailed in our previously published chapter [79], i.e.

e the basic Newton laws display motional (x) momentum p related to the product
of mass, m, velocity, v = dx/dz, and force, F, further linked to acceleration
a = d*x/d7,

o the essential law of heat transfer ¢ = 1 VT (Fourier [83, 84]),
the parallel laws of diffusion J = D V¢ (Fick [85]), and
of the analogous electric flow I = r Vu (Ohm [86]).
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The symbol V is used for gradients of temperature V7, electrical potential Vi and
concentration V¢ together with the thermal conductivity /A, diffusion D and electrical
resistivity 7. These can be easily found in the literature [53, 79, 84] as well as in the
well-known Onsager reciprocal relations for the area of irreversible processes [58,
88-90] steady processes.

In spite of practically identical forms [79] of these fundamental relationships
providing a class of linear phenomenological transport equations [79, 83—89], there
remain large differences in their physical content; such a large diversity in the
nature 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 [79], in limit being
affected by quantum features of diffusion [81].

It is worth of a remark that the most difficult part of establishing Fourier’s and
other similar fundamental relationships was not finding their mathematical form
(which appears to be rather simple [79]) but finding the definitions and the physical
interpretation of the quantities involved, or even the proof of their very existence
[79]. In a way, they resemble the above-mentioned Newton law of momentum of
movement [73, 74, 91] p = mv and can be applied to explain the thermal inertia,
too, where the mass m is replaced by the material heat capacity C, and the velocity
by heat rate (dAT/dr) [S5, 57, 91]. However, the obvious resulting impact of
omnipresent thermal inertia is so far neglected in thermoanalytical experiments and
literature [92, 93] with the exception of [39, 94-96].

The empirically determined prefactor in Fourier equation is repeatedly dissected
into the product of quantities having more straightforward or already known
physical interpretations. For example, the thermal conductivity is usually written in
the form /4 = a/(Cppr), where a means the thermal diffusivity introduced by Kelvin
as an analogue of diffusion constant, C,, specific heat capacity at constant pressure
and p,, the density of the material. In such a way, it is commonly applied in thermal
analysis for describing the condition of ideal cooling [72], where we assume infi-
nitely high coefficient of heat transfer. Thus, the cooling rate f§ becomes dependent
on the sample thickness d as § ~ 1/d2, while for the Newtonian cooling mode,
which is controlled by the phase boundary, f§ correlates with 1/d only. In practice,
we may adopt the power relation f§ = 1/d" (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, A = 10* 0 m™2 K ' s™"), frequently
displayed for several real materials. We can guess the limiting lowest cooling rates
of 10%, 10° and 10” (K/s) for the critical sample thicknesses d of the respective 10,
5.102 and 1073 (mm). The latter value of thickness is very small, scarcely
attainable even by intensive laser glazing [97], 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 sophisti-
cated calorimetry [77, 78, 80, 81].
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In that novel method of high cooling rate, thin-film-chip nanocalorimetry [77]
makes available the direct analysis of the quenching process exhibiting the rates of
the observed temperature changes of the order of 10* K/s which is possible. The
design of a thin-film microchip cell opened extensive capabilities in reading nor-
mally hidden aspects of ultrafast processes. Such a measuring cell consists of a
thin-film heater deposited on a silicon nitride membrane. The heater simultaneously
serves as a resistive thermometer [62, 80]. The samples are considered necessary to
be premelted and thus thinly spread on the microchip surface which is used for
detecting temperature. Thus, the heat capacity of ultrathin films is negligible, and
even when impaired by, e.g., the added polymer crystals, as well as by any
nanoparticles and nanostructures, it is small enough to enable investigation at
ultrafast heating rates, up to the astonishing 10° 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 [80] can be
widely utilized as sensors for such an updated thin-film nanocalorimetry.
Consensually, the measurements at controlled heating and cooling rates at around
10* K/s were performed and published while studying processes of recrystallization
[98].

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 undercooling
[71] and disturbing metastability occurrence was noticed as early as in early 1970s
[99]. Despite the apparent successfulness of these special microchip techniques
providing a new insight into material behaviour (otherwise unattainable), we must
query the reliability of figures provided by such temperature sensors. They reflect
the temperature to a limited degree, while displayed sensor’s numbers are identified
with the meaning of temperature by the labourer only. For that reason, we proposed
to call such sensors reading as tempericity [57, 59] and declared that “temperature
called” data obtained at the astonishing rates of million Kelvin’s per second [38]
may be rightfully questioned [56-59, 70, 82].

3.9 Practical Aspects of Off-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, 60, 61]. 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 factually acting the
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second derivative of temperature (first of temperature difference AT) [91]. Its impact
is usually ignored at the processing of outputs of thermoanalytical experiment
despite its legitimacy well known since the Newton cooling law [95, 100, 101]. In
the other words, it is a delay of the sample (and/or reference) temperature with
respect to a temperature demanded by the externally applied heating programme. At
DTA (as well as spontaneous heat flux DSC), the simplest refinement means [73]
making use of the adequate equation including often absent term dAT7/ds, i.e. for
DTA:

AT = Reff(—csdAT/dt — AHdOC/dl) = dOC/dl 75 —AT/ADTA (315)

where AT (= T, — T,) is the difference between sample and reference temperatures,
dAT/dt is the time derivative of this difference, R.¢ (7T) is the effective thermal
resistance of heat flux, C; is the heat capacity of sample, AH is integral change of
enthalpy (corresponding to the process occurring inside the sample), o is the degree
of the conversion of this process, do/dt is then the rate of the process, and Apta =
f AT dt = Rz AH is the area of DTA peak (in Ks units). It worth attention that for a
spontaneous heat flux DSC the following relations take place: J, = —C, dJ,/
dt — AH do/dt = do/dt # —J /Apsc, where AT is transformed (calibrated) into heat
flux J, (in W) between the sample and reference. So that dJ,/dt is then the time
derivative of this heat flux using R (7) which is determined by the calibration at
several temperatures, and Apgc = f J, dt = AH is the area of DSC peak (in W).
During any process inside the sample, the temperature of the sample 7 is not
equilibrium temperature as it differs from that linearly increasing or decreasing
reference T, (or other temperature T.,, representing thermal state of the sample
surroundings (e.g. Tpiock at DSC) as a consequence of self-cooling or self-heating
due to the running process inside the sample.

The corrections included in Eq. (3.10) are not quite sufficient because also in the
case of no self-heating or self-cooling (at « = 0), the temperature in sample centre
T, is other than the temperature on sample surface Tgg as it is shown in [74]. This is
a reason why at compensation DSC (Perkin-Elmer) method, the displayed tem-
perature of sample is neither fully representing the temperature of sample although
no correction on thermal inertia is necessary and the condition AT = 0 (or J, = 0) is
guaranteed by compensating device. Generally, the temperature of sample surface
does not represent the temperature of sample when temperature field inside sample
is not uniform. It occurs due to self-cooling or self-heating but also due to nonzero
heating or cooling rate. Besides at thermogravimetry, where thermometric (thermal)
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, determined by the rate of
heat transfer between the surroundings and the sample as it was well noted by Gray
[102].

Best example of a non-trivial choice of what is a true sample temperature is
illustrated in Fig. 3.1, where various representations of the workable temperature
scanning are revealed including the impact of inertial term. First, let us account on
the customary experimental set-up of so far standard reading of the difference
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Fig. 3.1 Illustrative model outline of two possible temperature depictions adjusted during DTA
measurements. The curve labeled with symbol 0y, is a standard DTA record providing heat inertia

background ()R(E ') and consequential reaction rate &z while the curves with subscript S are
based on the innovative approach where the temperature difference is related to the sample factual
temperature alone and has evidently flatter course

between temperatures of the sample surface S and that of reference R, i.e. Tg —
Tr = AT= Og. It is worth reminding that T is regularly identified with the heating
programme, i.e. the temperature of furnace surface. This standard reading output
can be corrected on the heat inertia 0'g and transformed to the reaction rate, o'g.
However, this ordinary procedure does not truly account on the factual sample
temperature which (in the first approximation) is just 75 (not assuming gradients
yet), but not that imposed by external heating Tk. Therefore, another more truthful
reading ought to be related to the factual difference 05 between the sample surface
temperature Ts and the averaged temperature of the sample T,,. which is related to
the truthful sample temperature itself. Such a true but yet unusual approach
understandably changes the standard reading 0y providing a “deformed” but true Og
distorting the previous reaction picture and providing the dissimilar rate values, o'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 calculation
of specific kinetic data (typically activation energy values) with several decimal
places is inconsequential as such an ordinary reporting temperature measure Oy
involves the error margin reaching perhaps several degrees or more (not talking
about ultrarapid quenching). The common practice of adding qualifiers “formal”,
“apparent” or “of no real meaning” to published data is an irrelevant excuse for
using inadequate practice of temperature observation.

It touches the quandary of ever involved temperature gradients in the studied
solid samples which is known for long as early exposed by Smyth [75]. His
particular 1951 model was analysed in more detail in our previous chapter [74] the
computer calculation of which provided almost identical temperature profile for
given instant, as documented in Fig. 3.2. Moreover, the chapter [74] deals
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Fig. 3.2 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 non-reacted material)
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systematically 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. 3.2, 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 dfgyc.,/dt of the difference Ogpean
between the outwardly measured temperature of sample holder Tx and the tem-
perature T,,. which is averaged over its whole volume [74]) is practicable and
capable for the introduction to both the private and commercial practice of
instrumentally available software.

The gradient affairs are important in practical evaluation while forming a specific
part of kinetically aimed analysis. The thermokinetic model by Lyon at all [81]
describes the effect of thermal diffusion, internal energy generation and chemical
kinetics on the sample response in differential, non-isothermal analysis. The dis-
torted reaction rate results from internal energy generation and thermal diffusion
and is interpreted as kinetic effects. In terms of the maximum reaction rate, the
thermokinetic model provides a simple analytic relationship between the sample
mass and heating rate, while the measurement error for chemically reacting solids
in non-isothermal analyses has been found consistent with numerical calculations.

Farjas and Roura [82, 103] shown that in non-isothermal kinetic studies during
the processes taking place at the same temperature range, the separation between
peaks obtained 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
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temperature range analysed by non-isothermal measurements is relatively narrow,
typically few hundreds of Kelvin while the heating rate is varied over three decades.
Papers [103, 104] criticized the widely cited treaty on kinetic evaluation by
Kissinger [105], which is also the subject of a parallel Chap. 10 of this volume.

Regarding the manifestation of temperature gradients in case of the fast scanning
calorimeter (FSC), Svoboda [106] has shown that even for the micrometre-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 such as micrograins or
flocks (in contrast to premelted thin films directly attached to the chip, representing
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 major dis-
tortion of the FSC structural relaxation signal obtained for amorphous Se [106] was
explained in terms of the temperature gradients occurring within the hemispherical
sample. The FSC signal was deconvoluted by using the theoretically modelled a—Se
relaxation curve (with the parameters obtained from conventional DSC) as a
deconvolution function. The weighing coefficient distribution obtained from the
deconvolution was found to agree well with the heat propagation profile derived for
the following simplified assumptions: linear temperature gradient, roughly similar
heat conduction and radiation and negligible self-cooling effect. In this regard, the
diffusion-less structural relaxation phenomena appear to be suitable for identifying
and quantifying the thermal gradients under extreme conditions.

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
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Fig. 3.3 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)
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heating is modified by externally applied variation on steady temperature profile
adjusting its immediate profile to become often sinusoidal and/or stepwise devia-
tions. However, the factual temperature profile [74] 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
popular methods involving modulations are providing valuable results. The true
temperature outline relevant to the modulated temperature measurement is worth of
a further reflection, see Fig. 3.3, in order to approve its validity.

A special attention needs the process of calibration applied to DTA peak profiles
using externally launched heat pulses, inserted either by Joule resistivity heat inside
the sample bulk [107-110] or by externally applied flashed laser pulses [110-113].
The analysis of which has been widely examined [95, 112] is becoming a standard
equipment for the determination of solid-state thermal properties. It was graphically
shown in our previous papers [91, 114] and specifically in the parallel Chap. 15 of
this volume. In particular, the as-measured DTA feedback on the externally applied
heat pulse was corrected by the instrumental software of our providence [108] and
that by the company Netzsch [111] yielding a rectified peak comparable with the
input shape when using the corrections inserted by differential method [107-110]
and matching integral method [110-113]. It returns us to the beginning of this
paragraph showing the inevitability of such corrections yet not familiar in the
thermoanalytical practice [73, 114].

3.10 Thermotics and Thermokinetics

The measurement of temperature is not so trivial procedure as it may be seen from
everyday accustomed thermoanalytical practice. Such measured values depend on
the fact that ever-existing thermal field has a permanent tendency to disappear
(equilibrate). In normal everyday situations, the process of temperature equilibra-
tion (such as the interaction of active part of the thermometer 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 temperature has to be identified at a given moment of pro-
gressing time and temperature which is a typical situation in thermal analysis, better
saying thermotics. Besides, a sample of material may be both macroscopic cells or
miniature chips. The inside temperature field is in both cases in various degree
inconstant, inside the sample as well as across its contacts with holder. It is very
important but difficult to correlate chemical, structural or phase changes at any
small part of the sample with relevant precise temperature. That is why the
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procedure of the temperature measurement should be studied in more detail [74, 78,
82, 91] and not assumed customarily trivial.

The same appraisal uncertainty applies for the validity conditions of textbook
thermodynamics when taking care about inherent non-equilibrium, i.e. equality of a
thermodynamic function f(T, P, ...) and its yet justifiable thermotic extension f{(T, T,
P, P', ...) where the first derivatives 7", P’, etc., have got to be constant (e.g. 7"
= 0). For small deviations (7" — 0), the standard formulae of thermodynamics are
yet effective and productive for applications. For higher changes (e.g. | T | > 0),
the standard thermodynamic description becomes indefinite and mathematically
ambiguous [1, 41, 42, 48, 58, 60, 61]. Accordingly, the standard thermodynamic
values (AH, C,, 4, ...) lose their classical meaning (e.g. tabulated data) which may
turn out to become a subject of improper interpretation.

Heat transfer under extreme rates as well as for ultrathin and nanoscale media
(e.g. nanocellular foams) may even drastically increase as a result of nanodimen-
sionality where radius and volume cannot be fully functional as independent
thermodynamic variables to characterize the nanosystem behaviour becoming
dependent on another (independent) variables (pressure, temperature, composition,
surface tension) [115]. Furthermore, ballistic and scattering effects, phonon tun-
nelling, Brownian action, etc. [48, 50], may turn out to be effectual which, however,
falls beyond the scope of this chapter. Temperature alterations due to nanoscale
thermodynamics are a subject of Chaps. 5 and 18 in this volume.

Anyhow, we should stay conscious that data displayed on thermometer under
conditions of constant (non-isothermal) heating and/or cooling are not fully stan-
dard (i.e. equilibrium), but temperatures ensue correspondence to the zeroth law of
thermodynamics. However, it is not the outermost case of temperatures observed
under every occasion when the second derivatives 7” become influential and thus
difficult to be interpreted as temperature. In such case of distinctive measurements
under extreme temperature irregularities, the innovatively proposed term “tem-
pericity” may sound strange initially but does not seem to be an odd term at all
when regarding historical development of terms and also looking at Table 3.1 [57].

Moreover, the routinely observed temperature of a studied solid sample T is not
equal to the programmed (ideally simplified) temperature Ty adjusted by heating
regime since the sample shows some positional and internal characteristics and
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 set-up is producing certain idealization even though it
well characterizes the sample thermal changes. For integral analysis (calorimetry), it
emerges satisfactorily due to the mere account on the starting end stages. However,
for kinetic interpretation of true transformation, such an idealized choice of tem-
perature location may bring a confusing impact (cf. Fig. 3.1) and we should cope
with the special discipline thermokinetics [10, 57].
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Factually, standard information on the temperature of solid sample, T, at a given
time ¢ does not represent its instantaneous and intimate thermal state (i.e. rational
thermoscopic state) nor its average (weighted) temperature, T,y .. Often, it is merely
temperature detected on the spot/range of sample surface. True thermal state of the
solid sample can be represented by momentary temperature field inside [74, 81],
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 7. Such a tem-
perature field depends on size/dimensions of sample and on heating/cooling
mode and becomes mutually connected with the space distribution of transition
degree o).

Perceptively, true knowledge of the thermal state of solid sample would be
necessary for the construction of new generation of kinetic models (which we may
call thermokinetic models, see Table 3.1) expressing local kinetic equations in a
specified form

dO((,) /dt = F(Ot(r), T(r)). (3.16)

The modified Fourier law [83, 84] (still assuming a simplified form of infinite
cylinder [74]) should be applied for the relation between the local transition rate
do,y/dt, local degree of transition o, and local temperature 7(,, (where /A, C, and
AH are, respectively, standard sample heat conductivity, sample heat capacity and
integral enthalpy of transition. Then, [57]

(doyy /d) = { [T, /dr* (1 +1/7)] (A/Cy) — dT,y/dt}/(AH/Cy),  (3.17)

The actual form may become appropriate when fittingly applied for any position
of r. However, such an innovative approach to non-isothermal kinetics would
require not only a newly inspired researcher philosophy but also a novel experi-
mental 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 of single values of activation energy, its spatially distributed
sequence [114].

3.11 Discussion of the Legacy of Thermodynamics

The determination of temperature penetrated even to other domains of thermal
physics and particularly astrophysics [116]. As we shown earlier [16, 116], the most
of the arguments placed in favour of opposite formulae existing in the theory of
relativistic transformation of temperature had paradoxically the common starting
point, the postulating of the covariance of the first and the second law of thermo-
dynamics under the Lorentz transformations. This assumption was made without
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giving plausible theoretical reasons and without any experimental verification.
However, as we are convinced, just this unjustified extrapolation of laws of clas-
sical thermodynamics, together with spectacularly contradicting consequences, has
revealed their weakness and principal inconsistency. In this context, one must
revise the concept of heat and especially the first law of thermodynamics which is
probably the most harmful statement in thermal physics [117]. Of course, it is
generally believed and many mainstream authors claim that the first law of ther-
modynamics is nothing but the formulation of the general principle of conservation
of energy and thermal phenomena including the principle which can only hardly be
contested. However, just opposite is true. The first law is in fact fully dependent on
validity of Joule—Mayer’s postulate of equivalence of heat and work, which is in
fact nothing but quite an arbitrary statement about the nature of heat [23]. In order
to support such a not very usual view, let us make a short digression to the early
history of Joule-Mayer’s “principle” of equivalence.

The principle of equivalence of work and heat (PE) is usually proclaimed to be
an experimental fact, being, nevertheless, quite an arbitrary postulate without any
experimental support. We are aware that such a statement is in total contradiction
with practically all modern college texts on thermodynamics, where the PE is
considered to be one of the “greatest achievements of experimental science” [118].
The inspection of Joule’s paper [119], where the PE is reputedly proved by
experiment, shows, however, that the work is fully devoted to another subject, viz.
to the determination of “mechanical equivalent of heat” (J) by various experimental
methods. The merit of the work is thus quite different from that usually reported;
Joule first assumed that the heat unit calorie is a unit of work (energy) and then
determined the conversion factor J (J = 4.2 J/cal) between calorie and mechanical
units. Indeed, the PE was originally the main conclusion of the paper, but under the
influence of Faraday, who was the referee of this paper [120], it was omitted.
Faraday, recognizing the circular reasoning, rated PE as a “strange conclusion”
which was “deduced most illogically” from the experiments and rejected the paper
in this form. Nevertheless, the amended paper finally appeared (without PE!) in
Phil. Trans., and due to the good deal of experimental work involved, it became
very famous. Following the publication of this paper, J. P. Joule was elected to
fellowship in the Royal Society, and his reputation as a scientist was firmly
established.

Later, probably on the basis of private communications, the PE treated as an
experimental fact was pushed through by authorities in dynamical theory of heat
(Kelvin and Clausius). In order to complete the picture, it should be stressed here
that the determination of