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Abstract

It is attempted to extrapolate to future developments in the ®eld of thermal analysis, and, speci®cally, temperature-

modulated calorimetry (TMC), the latter being a subject that developed to prominence in the last 10 years. The predictions are

made on the basis of the present techniques and on the need for the characterization of materials. Key issues are the

advancement of the practice of TMC to quantitative calorimetry. Special topics mentioned are the analysis of nonequilibrium

states and the characterization of nanophases. In instrumentation, the extensions of modulation to higher frequencies and the

introduction of new techniques for smaller sample masses are discussed. One of the biggest needs is, however, to increase the

teaching effort in this ®eld, since many of the quantitative methods already available are not applied to the fullest because of a

lack of quali®ed thermal analysts. # 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

In this last year of the 20th century and second

millennium, it seems to be of great interest to spec-

ulate on the development in various ®elds of science

and engineering that one may expect to see in the

beginning of the 21st century. Such activities are

certainly generated by the special human fascination

with particular numbers, since the development of

science is not cognizant of the periodic arrangements

of our calendar. If the speculation is kept to the very

beginning of the new millennium, the chances may be

good to predict certain developments by judicious

extrapolation of the present newest developments.

Predictions of longer-range developments are most

likely as hopeless as it was to make these at the end of

prior centuries and millennia.

In the year 1800, it was certainly humanly impos-

sible to predict that the speculative caloric, `̀ the

indestructible ¯uid that occupies spaces between the

molecules of matter as the substance of heat,'' will be

replaced by the fact that the cause of heat is not a

substance, but the molecular motion of atoms and

molecules. And it was impossible to predict in the year

1900 that, in the 20th century, a few micrograms of a

material are enough to do differential scanning calori-

metry, and that supercomputers can simulate the ther-

mal behavior of thousands of interacting molecules for
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times approaching microseconds. On the other hand, it

was also quite unlikely that one could predict in 1800

that 200 years later a large fraction of the world's

population still measures temperature in units of the

Fahrenheit scale, invented in 1714, outdated since the

development of Celsius scale in 1742, and the even

more useful Kelvin scale of 1854. Similarly, in 1900,

one would have predicted the quick demise of the

calorie as the unit of heat since the absolute joule as

the basic unit of energy could be measured with ever-

increasing precision and reached that of the calorie by

about 1925. Checking today's literature, however, one

still ®nds a considerable fondness for the calorie, and

the judgment of the energy content of foodstuffs in the

United States could not be thought of in anything else

but calories (kilocalories, thermochemical�4.184 kJ).

And how about forecasting in 1900 that the newly

de®ned second, the proper fraction of the ephemeris

year 1900, would be replaced in 1967 by the period of

the cesium-133 clock (de®ned by the separation of the

two hyper®ne electron spin states of the 133Cs ground

state of ca. 6.1�10ÿ24 J)? This new clock has a

precision of better than one part in 1011 and, further-

more, the time based on the `atomic clock' in Boulder,

CO, is available by automatic radio control in wrist

watches since about 1990.

With these thoughts in mind, Section 2 of this paper

will contain a discussion on the developments in the

20th century from modern calorimetry to temperature-

modulated calorimetry (TMC) and, speci®cally, the

temperature-modulated differential thermal analysis

(TMDSC) and its applications [1]. This can naturally

be accomplished with perfect hindsight. Section 3 will

then be the task of extrapolation of these developments

of the past into the future. Certainly, it will be much

more fun to read this paper in the year 2100, at the end

of the ®rst century of the new millennium when all the

wrong predictions and missed developments will be

obvious.

2. Twentieth century calorimetry and the
development of temperature modulation

The survey of the development of instrumentation

in calorimetry and its understanding and theory dis-

played in the ®rst two parts of this section is a story of

great progress, culminating in the development of

temperature modulation. A survey of the teaching

of the subject, on the other hand, shows that the

necessary base for progress in the 21st century does

not parallel the exciting new developments in instru-

mentation and theory. The third part of this section is

an effort to suggest a reason for this problem, so that it

can possibly be overcome in the 21st century.

2.1. Instrumentation

Two major developments in instrumentation for

calorimetry took place early in the 20th century and

would have hardly been considered related at that

time. The ®rst was the invention of differential thermal

analysis, DTA. Fig. 1 shows one of the very ®rst DTA

set-ups by Kurnakov [2]. In the beginning, DTA could

not be classi®ed as calorimetry since no heat was

measured quantitatively. Only the temperature was

determined with the precision of the thermocouple.

The most important applications were in the assess-

ments of phase diagrams, transition temperatures, and

chemical reactions, as well as the qualitative analysis

(®ngerprinting) of metals, oxides, salts, ceramics,

glasses, minerals, soils, and foods.

The quantitative heat effects were always measured

by calorimetry. Instrumentation for the determination

of heat capacity was based on the classical adiabatic

calorimeter design of Nernst [3], reached after more

than 50 years of experimentation with increasingly

more precise calorimeters [1]. Fig. 2 illustrates a more

modern version of the Nernst-type calorimeter [4]

with some of the ®rst control circuitry that became

Fig. 1. The development of DSC had its beginning in the Kurnakov

DTA [1].
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possible at that time and has by now advanced to much

higher degrees of perfection using computers for the

control of the calorimeter and analysis of the data.

Even in the 1950s, it was an unlikely prediction that

DTA and adiabatic calorimetry would join and pro-

duce a differential scanning calorimeter (DSC). The

name DSC was ®rst mentioned for a differential

calorimeter that achieved a continuous, close-to-com-

plete power-compensation between sample and refer-

ence [5]. This development came about because the

key concern of calorimetry is the reduction of, and

correction for, heat losses or gains due to inadvertent

temperature ¯uctuations in the surroundings of the

calorimeter. The heat to be measured can never be

perfectly insulated. Even in adiabatic calorimeters,

continued heat-loss corrections have to be made. In

fact, in calorimeters, such as shown in Fig. 2, about

75% of the data calculations deal with the evaluation

of heat losses. A constant rate of drift of the calori-

meter due to a mismatch of the temperatures of the

jacket and calorimeter shields during isothermal per-

iods, while the calorimeter is at rest, can easily be

extrapolated from the largely linear changes of the

temperature of the sample. During the heating from T1

to T2 during a measurement of the change in enthalpy,

DH, however, the changes across A±B due to the

heating of the sample must be monitored continuously.

The resulting adiabatic deviation must then be cor-

rected for using extensive calibration experiments.

In classical calorimetry, as displayed in Fig. 2, one

increases precision by measuring relatively large

masses of samples (typically >100 g), so that the heat

losses are reduced by decreasing the speci®c surface

area (cm2 gÿ1). Attempts at twin calorimetry to cancel

the heat losses between two symmetric calorimeters,

one ®lled with the sample, the other identical, but

empty or ®lled with a reference material, presented

control problems that were dif®cult to handle [6]. In

addition, the conduction of heat into the sample and its

equilibration in classical calorimeters was, of neces-

sity, slow, and extended the period of measurement up

to 1 h for a single step of the measurement.

Efforts to shorten the time for adiabatic calorimetry

by continuous scanning, and by increasing the quality

of the calorimetric information that underlies the

endotherms and exotherms of DTA were made some

time ago. The need to determine the thermal behavior

of polymers, which change their stability during the

lengthy experimentation in the transition region,

accelerated these developments [7,8]. The develop-

ment of commercial DSCs making use of sample

masses of as little as 10 mg and heating rates of

10±40 K minÿ1 closed the gap between the two mea-

surement methods. Three major types of DSCs

emerged that are classi®ed as scanning, isoperibol

twin-calorimeters [1,9]. One type makes use of an

approximate power compensation between two sepa-

rately heated calorimeters [5], and the other two rely

on heat ¯ux of two calorimeters placed symmetrically

inside a single heater, but differing in the positions of

the controlling thermometers. A typical example with

temperature control close to the heater is shown in

Fig. 3. Fig. 4 illustrates the other type of heat-¯ux DSC

with a control close to the sample. In the chosen

example, three differential measurements are carried

out between as many calorimeters, an empty one, one

®lled with Al2O3 (sapphire) as a reference substance,

and one ®lled with the unknown sample. Outside of an

asymmetry adjustment, the measurement can be com-

pleted in a single run, as indicated in the ®gure [10].

The heat-loss problem was minimized in the DSCs

by having shorter times for measurement. The differ-

ential measurements reduce the losses even further.

Ultimately, it became possible for the analysis of

polymers to have a similar precision for the DSC

and the adiabatic calorimeter in the region of overlap

in temperature (about 150±450 K). At lower tempera-

Fig. 2. Schematic of an adiabatic calorimeter based on the Nernst

design [3,4].
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tures, down to 10 K, the adiabatic calorimeter is the

only available precision instrument, and at higher

temperatures (up to 1000 K) the DSC may have the

higher precision. Fig. 5 is a typical example from the

ATHAS data bank of heat capacities of polymers [11±

15]. Both types of calorimeters yield a similar preci-

sion for the data, making the faster and more con-

venient DSC the instrument of choice for their typical

temperature range from 150 to 1000 K.

Another type of thermal measurement that had an

early beginning, but initially did not see wide applica-

tion, is the AC calorimetry (alternating current

calorimetry) [16]. The advantage of this type of

measurement lies in the application of a modulation

to the sample temperature, Ts, followed by an analysis

of the response. By eliminating any signal that does

not correspond to the chosen operating frequency,

many of the heat-loss effects can be eliminated.

Furthermore, it may be possible to probe reversibility

and potential frequency-dependence of changes of the

studied sample. The heat capacity Cs of the sample can

be determined from the ratio of the heat-¯ow response

of the sample, represented by its amplitude AHF, to the

product of the amplitude of the sinusoidal sample-

temperature modulation, ATs
and the modulation fre-

quency o(�2p/p, where p is the duration of the

modulation period, usually given in seconds). The

following equation gives an expression for the calcu-

lation of Cs from AC calorimetry:

Cs � AHF

ATs
o

(1)

The next advancement in calorimetry occurred in

1992 with the combination of DSC and temperature

modulation to the temperature-modulated DSC

(TMDSC) [17±20]. Fig. 6 shows a typical TMDSC

of the heat-¯ux type. In the quasi-isothermal opera-

tion, Ts oscillates about T0 as in an AC calorimeter.

The phase lag, e, is taken relative to a reference

oscillation. The ®gure also illustrates the typical

TMDSC run where an underlying heating rate hqi
is applied in addition. By deconvolution of the two

signals, an average signal, practically identical to the

standard DSC output and a reversing signal, related to

the AC calorimetry of Eq. (1) results. Additional

factors need to be considered because of the twin

calorimeter construction. The following equation was

Fig. 3. Heat-¯ux DSC with a control close to the heater. The

multiple thermocouples on the sensor plate average the calorimeter

temperatures.

Fig. 4. Heat-¯ux triple scanning calorimeter.

Fig. 5. All available data on the heat capacity of liquid poly-

ethylene. Most of the data that reach to higher temperatures are by

DSC.
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proposed for the reversing heat capacity from the

TMDSC of Fig. 6 [21]:

�Cs ÿ Cr� � KAD

ATs
o

����������������������������
1� Cr

K

� �2

o2

s
(2)

where Cr, K, and AD are the heat capacity of the

reference calorimeter (usually an empty aluminum

pan), the Newton's law constant, assumed to describe

the thermal conductance from the DSC heater to the

sample and reference, and the amplitude of the tem-

perature difference between the sample and reference

temperatures DT(�TrÿTs), respectively. For the deri-

vation of Eq. (2), one had to assume that (1) there is no

thermal conductance between the sample and refer-

ence calorimeters, (2) zero temperature gradients

from the temperature sensors to the sample and the

reference pans, and, also, (3) zero temperature gra-

dients within the contents of the pans. In other words,

one assumes in®nite thermal conductance between

temperature sensors and the corresponding calori-

meters.

Three directions of calorimetry were, thus, com-

bined in the 20th century to dramatically change the

capabilities of thermal analysis of materials [1]: The

high precision of adiabatic calorimetry, the speed of

operation and small sample size of DSC, and the

possibility to measure frequency dependence of ther-

mal behavior in AC calorimetry. All three types of

calorimetry still have their unique applications, but

can also be combined in the TMDSC. A modern

thermal analysis laboratory should have all this instru-

mentation in addition to some of the directions of

calorimetry not highlighted in this article, such as

combustion calorimetry for the evaluation of chemical

heats of reaction and the isothermal calorimetry, often

used for following slow biological reactions.

2.2. Theory and understanding of thermal analysis

Parallel to the development of the ever more sophis-

ticated calorimetry went the advancement of the the-

ory and understanding of thermal analysis. The basic

theory of thermal analysis, the thermodynamics, was

well established at the turn of the century [22]. Its

basic laws are based on general observations and do

not need a detailed knowledge of the atomic structure.

Equilibrium thermodynamics became a central part of

physical chemistry and physics. In its classical form,

thermodynamics describes the functions of state, such

as enthalpy, H, entropy, S, and free enthalpy, G, in

terms of the independent variables of state, such as

temperature, T, pressure, p, and the amount of matter,

n, [23]. While H is closely connected to the conserva-

tion law of energy (First Law of Thermodynamics), S

and G are indicators of the equilibrium properties

(Second Law of Thermodynamics, DStotal�0 for equi-

librium processes and G assumes a minimum for

stable states).

During the ®rst half of the 20th century, it became

customary to describe the nonequilibrium states and

processes in a separate discipline, that of irreversible

thermodynamics [24]. The key strategy of handling

nonequilibrium systems is to divide the overall system

into a series of subsystems that can be approximated

by local equilibria and their changes with time are then

characterized by ¯ux across the boundaries and pro-

duction within the subsystems. The main feature of the

thermodynamics of irreversible processes consists in

the evaluation of the rate of entropy ¯ow, deS/dt, and

the entropy production, diS/dt, during the approach to

equilibrium.

Perhaps the biggest progress in the understanding of

materials occurred through the advance of knowledge

about the atomic and molecular structures. It accel-

erated through such events as the discovery of the

nucleus and its electrons, the basic particles of the

atom. This was followed quickly by the development

of quantum mechanics for the description of atoms

and molecules [25]. The discovery of X-ray diffraction

allowed to establish the detailed structures of crystals

Fig. 6. Schematic of a TMDSC.
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by determining their electron-density distribution

[26]. Also of importance was the ®nal recognition

of the existence of polymers, the ¯exible, linear

macromolecules [27] which represented the last

important class of molecules that needed to be dis-

covered for a full description of all possible materials.

Ultimately macromolecular science led to a major

industrial progress through development of plastics,

synthetic ®bers, ®lms and protective coatings and it

also accelerated the understanding of biological mate-

rials.

At the same time, the link between the molecular

nature of matter and thermodynamics was established

by statistical thermodynamics [28]. Perhaps the most

important connection was that the Third Law of

Thermodynamics was now given a simple interpreta-

tion. In the words of Nernst, as quoted in [23]: `̀ If the

entropy of each element in some crystalline state be

taken as zero at the absolute zero of temperature, every

substance has a ®nite, positive entropy; but at the

absolute zero of temperature the entropy may become

zero, and does so become in case of perfect crystalline

substances.'' With the Boltzmann equation, S�k ln W,

with W representing the number of ways a system can

be arranged microscopically, the Third Law is perhaps

the easiest of the laws of thermodynamics to compre-

hend. Statistical thermodynamics also allowed a better

understanding of the kinetics of chemical and physical

processes, another of the disciplines of importance to

thermal analysis [29].

The ®elds of thermodynamics, irreversible thermo-

dynamics, statistical thermodynamics, and kinetics

which make up the unique combination of theories

that is needed to understand thermal analysis were,

thus, well developed by about 1950. Taking, as an

example, the knowledge of heat capacity, (qH/qT)p,n,

the basic quantity of thermal analysis, and speci®cally

the heat capacity of polymers, one ®nds that the ®rst

papers date back to 1928 [30], 1935 [31], 1937 [32]

and 1938 [33]. The basis of the theory of heat capacity

of simple solids in terms of statistical thermodynamics

connecting vibrational frequencies to the macrosco-

pically measured quantity was given by Einstein [34]

and Debye [35], and an extension to polymers was

suggested by Tarasov [36]. A more detailed analysis of

the vibrational characteristics of a polymer was ®rst

made by Stockmayer and Hecht [37]. The full descrip-

tion of the frequency spectrum of polymers in terms of

an approximate skeletal and precise group vibrations

was developed as the basis of the ATHAS system [38].

Fig. 7 illustrates the interpretation of the measured

heat capacity of crystalline polyethylene in terms of its

frequency spectrum. Not only does this ®gure help the

understanding of the heat capacity, it also allows the

extrapolation to temperatures beyond the range of

measurement and shows up any changes in the state

of motion from the vibrations known to be the sole

contributor to heat capacity at low temperatures.

From Fig. 7, one can see, for example, that above

300 K there is an additional contribution to the experi-

mental heat capacity, which ultimately could be linked

to conformational mobility, the basis of motion

responsible for plastic deformation, making the con-

nection of thermal properties to mechanical properties

[39].

The additional knowledge that is needed for the

understanding of temperature modulation also had its

roots in the early 20th century. As one goes from the

descriptions by equilibrium thermodynamics to time-

dependent processes, one may need to consider the

delay of heat absorption when applying an oscillating

temperature. This problem was solved by introducing

a complex heat capacity Cp(o)* when describing the

effect of thermal conductivity of gases with slowly

responding internal degrees of freedom for the under-

standing of dispersion and absorption of high-fre-

quency sound waves [40,41]. To divide the

frequency-dependent complex speci®c heat capacity

cp(o)* into a real part c0p and an imaginary part ic00p , one

uses the following equation:

cp�o�� � c0p�o� ÿ ic00p�o� (3)

Fig. 7. Vibrational contributions to heat capacity.
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The real quantities in Eq. (3), according to [42], can be

expressed as:

c0p � ce
p ÿ

o2�te
T;p�2Decp

1� o2�te
T;p�2

(4)

and

c00p�o� �
o2te

T;pD
ecp

1� o2�te
T;p�2

(5)

where ce
p is the equilibrium heat capacity, Decp repre-

sents the equilibrium change of speci®c heat capacity

due to the process, such as the increase in cp at the

glass transition, and te
T;p the relaxation time of the

process. The use of complex heat capacity, in analogy

to the description of the modulus in isothermal

dynamic mechanical analysis (DMA) is, however,

more complicated because of the change of the

enthalpy and entropy with T. Furthermore, over wide

ranges of temperature, outside the transition ranges, c00p
approaches zero, making cp(o)*�c0p(o). The major

application attempted to be described by complex heat

capacity has been the glass transition. In this case,

however, the relaxation caused by the glass transition

is governed by a nonlinear differential equation [42].

The |Cp(o)*| gained from Eq. (2) can, in this case, not

be used for the evaluation of the kinetics of the glass

transition, since it represents only the ®rst harmonic

oscillation of the response.

Other problems of TMDSC that are not fully

resolved involve the separation of time effects due

to the calorimeter from the sample effects. Fig. 8

shows a plot of the heat ¯ow vs. temperature of the

isotropization of a liquid crystal. From small-ampli-

tude, quasi-isothermal TMDSC, it was possible to ®x

the onsets of the transition to �0.05 K, and the

breadths of the transition to �0.1 K [43]. Fig. 8, in

contrast, suggests a breadth of close to 1.5 K. Most of

this broadening is instrument-caused and special cau-

tion must be applied when trying to extract kinetic

data from TMDSC of ®rst-order transitions [44].

A ®nal point to be mentioned about TMDSC is the

fact that Eq. (2) holds only for the calorimeter of Fig. 6,

and even there only to a limited degree. More gen-

erally, Eq. (2) should be written as [45]:

�Cs ÿ Cr� � KAD

ATs
o

����������������������������
1� �t�m�2�o2

q
(6)

with t(m) representing a relaxation time that depends

on mass and sample. Fig. 9 illustrates the use of

measurements of heat capacity with different frequen-

cies ®tted to Eq. (6). By using multiple frequencies for

modulation, the indicated correction can be made in a

single run [46,47].

2.3. Teaching of thermal analysis

In Sections 2.1 and 2.2 of this paper, the impressive

progression of instrumentation and knowledge to

temperature-modulated calorimetry was described.

One would assume that teaching this subject, as out-

lined in Ref. [1], would be the prime objective in

creating a discipline of thermal analysis. Unfortu-

nately, such a development of a well-integrated ®eld

Fig. 8. Lissajous ®gure of the isotropization of a liquid crystal.

Fig. 9. Frequency dependence of heat capacity when using

TMDSC.
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of thermal analysis including instrumentation, theory,

and teaching did not take place. In fact, the teaching of

the sub-disciplines of equilibrium, nonequilibrium,

and statistical thermodynamics, as well as kinetics,

became rather special topics distributed among phy-

sics, chemistry, and engineering. Rarely could one

expect a student to gain a cross section of all areas

needed for gathering expertise in thermal analysis. As

a result, the teaching of the subdisciplines themselves

declined toward the end of the 20th century, most

likely because of their separation from their practical

applications in the thermal analysis of materials [48].

A survey of the International Confederation for

Thermal Analysis and Calorimetry, ICTAC, in

1990/1991 of 443 university and college professors

involved in teaching of thermal analysis or thermo-

dynamics in the United States revealed that too little is

done in teaching of thermal analysis. Some startling

results from this survey were that only 3.6% of the

surveyed departments of chemistry, polymer science

and engineering, and materials and chemical engineer-

ing have a speci®c course in thermal analysis, 20% did

not even offer a course in thermodynamics. Taking as

a base the 10,400 students that were instructed in

thermodynamics by the professors surveyed, only

6% of the students took a course in thermal analysis

and only 21% heard about thermal analysis in courses

like analytical instrumentation, polymers, physical

chemistry, or materials. This is clearly not a good

foundation for the future of thermal analysis, and is

particularly perplexing since 51% of these same

departments polled had one or more pieces of modern

thermal analysis instrumentation and more than 1000

students and their faculty were involved with this

equipment in their research.

As so often in the historical development of teach-

ing of scienti®c and engineering topics, the universi-

ties are overwhelmed by newly developing ®elds, and

the volume of knowledge increases at such a rate that it

is dif®cult to generate a constantly updated store of

knowledge. Perhaps, it is not the greatest dif®culty to

introduce the new material to be taught, but rather to

make the decision as to what of the well-established,

classical material must be omitted to keep the overall

volume of knowledge manageable. The ®eld of ther-

mal analysis has particular problems because its base

is interdisciplinary. It has its roots in physics, chem-

istry, and materials science. Using only speci®c topics

of each of these ®elds makes it dif®cult to generate a

curriculum of thermal analysis, especially since some

of the needed topics are often considered to be

advanced material in their own discipline.

The situation worsened with the widespread intro-

duction of temperature-modulated calorimetry. With-

out a well-established curriculum in thermal analysis,

no fast expansion to include the new knowledge in the

education of students could be made. Unfortunately,

the level of the existing thermal analysts is often also

not suf®cient in the more theoretical and mathematical

tools to accommodate the new technique. Efforts to

create short courses are often limited to instruct in the

very basic techniques and analysis methods. A subject

taught in several college semesters is not easily assimi-

lated in day- or week-long short courses. As a result,

much of the TMDSC and DSC capacity is presently

underutilized. Besides the knowledge in thermal ana-

lysis, it is self-understood that there has to be a high

level of expertise in the ®eld of materials science of

interest. A simple observation is that from a laboratory

staffed with operators of limited education in thermal

analysis and the appropriate materials science, only

poor DSC and even poorer TMDSC is forthcoming.

3. Extrapolated TMDSC in the 21st century

Turning now to the dif®cult job of extrapolating to

the next century, one ®nds it easiest to see the next

developments by looking at signs of experimentation

that could satisfy needs for the characterization of

materials and are already obvious from theoretical

considerations presently available. Similarly, advances

in knowledge and theory can, to some degree, be

guessed at from developments during the last years.

Advances in teaching, on the other hand, are almost

impossible to predict. In this area, however, lies the

chance of future advancement in the ®eld.

3.1. Instrumentation

Temperature-modulated calorimetry, having

acquired prominence in the form of TMDSC only

in the last decade of the 20th century, can easily be

predicted to continue to develop. The ®rst result is

expected to be an optimization of the instrumentation.

At present, it is not certain if one of the two types of
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measurement, compensation or heat ¯ux, or one of the

four types of control, either control of the temperature

at the sample, reference, or heater positions, or control

of the temperature difference (heat ¯ow), will prove

better suited for some or all applications. Certainly, the

basic design of the present calorimeters, which have

all seen only minor improvements since the 1960s, is

expected to be optimized due to the higher demands

when measuring with temperature modulation. Some

of the methods to achieve this goal are improvements

in assessing a given design by ®nite-element modeling

and measurement of actual temperature gradients by

contact-free, fast, and high-resolution IR thermome-

try. The main goals and expectation are better preci-

sion in calorimetric information, a wider range of

modulation modes and frequencies, and an extension

of the temperature of operation to the cryogenic range,

i.e., towards 10 K, and to the high-temperature range

above 1000 K. Present characteristics are not fully

established, and often depend not only on instrumen-

tation, but also on the nature of the sample (see Fig. 9),

but one expects today an absolute precision in heat

capacity approaching 1±3%, a time constant t for

correction of the frequency dependence in Eq. (6)

of 3±5 s, and a low-temperature limit of 150 K and

hopes for improvements of all by a factor 0.1, as well

as an extension of the high-temperature limit to

2000 K.

Along with the optimization of instrumentation, it is

easy to predict improvements of the software for data

acquisition and analysis. At present, most commercial

software is available through the instrument makers

only. Being proprietary, most software is not very

transparent or user-friendly toward custom changes

and improvements. In the future, it will be necessary to

allow the user a greater ¯exibility in programming of

the modulation (sinusoidal, sawtooth, step-function,

quasi-isothermal, multi-frequency, and custom design),

but all without an undue complication of the default

applications that have been proven useful for common

measurements. The standard DSC is a simple measur-

ing method which can be extended by TMDSC to

make many additional measurements, such as to check

on reversibility, to separate reversing and nonreversing

processes, and to determine frequency dependence.

Many of the traditional determinations will remain

work for the standard DSC, such as measuring melting

temperatures, heats of fusion, purity determination,

and chemical stability. And a large number of applica-

tions can be analyzed by both techniques, such as the

study of heat capacities, glass transitions, isothermal

kinetics of transitions and chemical reactions. Overall,

one looks for a calorimeter that can switch easily from

a standard DSC to a TMDSC, and back, as the need

arises.

Naturally, the same applies to an even greater

degree to the data analysis. Data compression and

smoothing, the ®tting of functions, Fourier transfor-

mations, calibration routines, etc. are presently not

suf®ciently detailed to the user to satisfy such basic

questions as: How was this calculated? What is the

statistical signi®cance? What about error propaga-

tion? How many data points were used, and if not

the maximum number, how were they averaged?

Which are the ®tted variables and which were

assumed precise? How were the corrections made

for temperature calibration, thermal lags, and other

systematic experimental errors? How do I make

changes for my special application? These problems

with dedicated software generated by the supplier of

the hardware were foreseen during the emergence of

computers in calorimetry. In 1985, it was suggested

during a workshop on the use of computers at the 8th

ICTA in Bratislava [49]: `̀ For the future development,

especially in light of increasing development of net-

works of computers in and between larger institutions,

it is important to produce hardware which can be

combined with any type of software'' (E. I. Gmelin,

MPI Stuttgart). Today, it is still a hoped-for future

development that the commercial calorimeter comes

with a basic operating system that can easily be

extended with software developed by others and is

compatible with many of the available mathematics

software packages and programs to tailor-make the

operation, and analysis software for the special needs

for any given thermal analysis laboratory. These are

the easy predictions and suggestions for TMDSC

instrumentation in the 21st century. Next are some

larger developments that may be discerned from small

beginnings.

In the same easy extrapolation of present technol-

ogy one expects a better combination of TMDSC

techniques with temperature-dependent structure ana-

lysis, such as X-ray and neutron diffraction and,

possibly, also solid state NMR. Some of these com-

bined techniques were already in use for the standard
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DSC, but certainly TMDSC would broaden the ana-

lysis capabilities, particularly when needing to ana-

lyze metastable and unstable systems, as illustrated in

Fig. 8.

Just as the roots of adiabatic calorimetry, DSC, and

TMDSC extended many years back, one should look

for earlier experimental developments that may revo-

lutionize calorimetry in the future. Increasingly,

industrial applications deal with unstable samples

and systems of nanophase structures that are only

metastable. This is particularly true in the polymer

®eld and in the study of biological systems, pharma-

ceutical compounds, and food stuffs. To assess meta-

stable and unstable compounds, attempts were made

some time ago to measure phase transitions at high

heating rates [50]. The metastable substances become

unstable on heating and reorganize during slower

heating. For example, a growth spiral of 10-nm thin

lamellar crystals of polyethylene, as shown on the left

in Fig. 10, changes its melting temperature on slow

heating by as much as 10 K due to crystal perfection,

so that any slow DSC can say little about the original

sample. The melting data as a function of heating rate

are shown in the lower right of Fig. 10. The instru-

mentation is illustrated by the schematic. Only heating

rates above 100 K minÿ1 can safely outrun the reor-

ganization during heating. Such studies of melting as a

function of the heating rate cannot only identify the

original sample, but also characterize its reorganiza-

tion properties. Similarly, to duplicate industrial pro-

duction processes that involve fast heating and

quenching, as seen for the crystallization and anneal-

ing of spun ®bers on drawing or texturing, one has to

employ much faster analysis-methods than are found

on a standard DSC. Another fast calorimeter is the foil

calorimeter [51]. With this calorimeter, heating rates

from 1000 to 30,000 K minÿ1 were possible and

melting could be studied avoiding irreversible reorga-

nizations, i.e. achieving zero entropy production.

More modern versions of such fast-reacting calori-

meters could be based on silicon-chip technology for

measuring heat ¯ow using large numbers of thermo-

couple junctions integrated in the chip as well as

resistors for the calibration of heat ¯ow, measurement

of the sample temperature via its resistance, and for

modulation of the sample temperature. The presently

available calorimeters [52] have not reached the min-

iaturization needed to attain the rates of measurement

indicated, but have the potential to surpass them with

simultaneous capability of more quantitative measure-

ment.

Other possibilities to advance calorimetry to higher

heating rates and faster temperature modulation are to

change from the just described small-sample analysis

using a relatively big device to a small device analyz-

ing only a small volume of a much bigger sample. The

two techniques that have been developed to a certain

degree are the so-called third-harmonic detection

method (3o-method) of fast calorimetry [53] and

the microcalorimetry (mTATM of TA Instruments)

[54]. The 3o-method was discovered long ago [55],

but can only now be coupled with suf®ciently

advanced electronics to yield more quantitative data.

The mTATM, in contrast, is based on the method of

detection of the topography by the scanning tunneling

microscope (STM) and the atomic force microscopy

(AFM), known since the 1980s [56,57].

In the 3o-method, a heater of known geometry is

placed in contact with a surface of a practically in®nite

substrate. The diffusion of the oscillating heat into the

semi-in®nite medium can then be evaluated as a

function of the thermal conductivity and heat capacity

[53]. The resulting modulated temperature can be

measured by determination of the resistance R(t) of

the same heater, since the resistance changes with

temperature [a�(1/R)dR/dT�0.004 Kÿ1] and is pro-

portional to Joule heating, which, in turn, is propor-

tional to the square of the electric current I(t)

(�I0 cos ot):

R�t� � R0�1� aATh
cos �2ot � f�� (7)Fig. 10. Fast-melting DTA mounted on an optical microscope [50].
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where R0 is the base temperature, ATh
is the amplitude

of the oscillation, and f the phase-shift relative to the

current. The voltage across the heater, V(t), is given by

the product I(t)R(t) as:

V�t� � I0 cosot R0�1� aATh
cos �2ot � f��

(8)

which can be written as:

V�t� � I0R0 cosot � 1
2
aATh

cos �ot � f��
� 1

2
aATh

cos �3ot � f�� (9)

The thermal analysis information is contained in the

last two terms of Eq. (9). Because a is small and ATh
is

usually �1 K, these terms are rather insigni®cant

relative to the ®rst term. By measuring the last term,

the third harmonic, with a lock-in ampli®er it is

possible, however, to obtain the amplitude and phase

of the small signal in the presence of the much larger,

unwanted signal of different frequency. Thus, by

measuring the power and temperature of the heater,

it is possible to carry out thermal analysis for a given

geometry and a reproducible contact. Typical frequen-

cies that have been employed for the 3o method are

0.1±1000 Hz at amplitudes of ATh
of about 20 mK

[53]. This type of measurement extends the frequency

of temperature-modulated calorimetry substantially.

Fig. 11 illustrates the principle of microcalorimetry

using the mTATM of TA Instruments. The tip of an

AFM is replaced by a Pt-wire that can be heated and

modulated. Typical present day resolution is about

1.0 mm with heating rates up to 1000 K minÿ1, a

temperature precision of about 3 K and a modulation

frequency up to 100 kHz. Fig. 12 shows a typical

application [54]. A polyethylene sample similar to

the one in Fig. 10 is analyzed, but note that the sample

diameter is only 1/10 of that of the growth spiral in

Fig. 10. Fig. 12 shows, in the bottom ®gure, the

melting of the apex of the upper right growth spiral

with the tip of the microcalorimeter after establishing

its location by the scan at the top. The thermal

information was gained by the power input, the topo-

graphical change of height with temperature (thermo-

mechanical analysis or TMA), and the topography.Fig. 11. Analyses by atomic force microscopy (AFM).

Fig. 12. Observation of the local melting behavior with a

microcalorimeter.
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Very little of the large amount of information

potentially available by these methods of super-fast

calorimetry (SFC), integrated circuit calorimetry

(ICC), 3o-calorimetry, and microcalorimetry (MC)

has been quanti®ed to date, but one can speculate that

just as TMDSC grew out of elements of DSC and AC

calorimetry in the 20th century, in the 21st century one

will combine these new, already tried methods into an

SFICMC with 3o-capability. Of particular interest

would be a compact and robust calorimeter of high

precision which, let us say, can have heating rates of

up to 100 K sÿ1, can be modulated with frequencies up

to 100 kHz, and can still yield calorimetric informa-

tion of the presently common precision, and reaches a

resolution in its topology analysis of about 10 nm.

Such an instrument could, for example, be based on

the principle displayed in Fig. 11 with an SFICMC tip

as sketched in Fig. 13. The main advantage of such a

calorimeter would be to explore the nanophase struc-

ture of polymers [58] and other materials which is

known to govern the overall properties of macroscopic

products. Only with such nanotechnology will it be

possible to understand the structure±property±proces-

sing triangle that is at the heart of materials science.

3.2. Theory and understanding of thermal analysis

The theory of the basic, vibrational heat capacity

is well understood, as outlined in Section 2.2. What

is expected in the 21st century is an easier data

interpretation by detailed computational programs

with suf®ciently quantitative force-constants for the

bonded and nonbonded interactions between all

atoms, so that the heat capacity of any solid can be

computed based on the chemical and physical struc-

ture information alone. Further advances in the com-

putational aspects of DSC and TMDSC involve

computation programs for data evaluation and inter-

pretation, coupled to the complete experimental infor-

mation gathered in critically evaluated data banks

containing heat capacities, transition parameters,

vibrational frequencies, and the other thermodynamic

parameters, such as speci®c volume, expansivity,

compressibility, and thermal diffusivity. Similarly, a

collection of kinetic parameters that can link

equilibrium to metastable and unstable states is hoped

for.

Next, on a macroscopic level, progress is expected

in the description of irreversible processes ranging

from glass transitions to ®rst-order phase transitions

and chemical reactions. While equilibrium thermo-

dynamics has given a frame for the interpretation

of the data of thermal analysis, it has proven insuf®-

cient to lead to details in the description. In fact, in

the ®eld of polymers, it has led to many erroneous

`̀ theories of melting and phase relationships.'' For

example, in Fig. 14, a schematic of the possible

phases of a one-component system is given which

applies to systems which are able to exhibit the

three equilibrium phases to [59]. The other 12

phase areas are only metastable and clearly, all multi-

phase areas violate by their existence the phase rule

Fig. 13. Proposal of a microcalorimeter as shown in Fig. 11, based

in integrated circuit technology.

Fig. 14. Possible equilibrium and nonequilibrium phases for a one-

component system. The areas further from the left are increasingly

metastable phase structures [59].
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which allows the existence of two phases in equili-

brium for a one-component system at constant pres-

sure only at the transition temperature. All semi-

crystalline polymers are, thus, not in equilibrium.

Examples for all 15 phase areas of Fig. 14 have been

presented [59], but their detailed description is still

incomplete and presents one of the challenges of the

21st century.

A combination of the macroscopic nonequilibrium

description with detailed microscopic molecular

dynamics simulations is foreseen to be possible in

the near future. The important nanophase structures

contain suf®ciently few atoms (�1000) to be handled

with present computers for macroscopic time scales.

As outlined above, the nanophase structure is at the

center of the structure-property correlation (see Sec-

tion 3.1). Such combinations of macroscopic and

microscopic theoretical tools are expected to bring

major progress in the early 21st century and strengthen

the connection between theory and practice that leads

to an understanding of materials. The description of

nanophases will only be possible by exploring macro-

scopic thermodynamics and microscopic structure

analysis. As shown in Section 3.1, the expected devel-

opments of the instrumentation will yield the experi-

mental data for such progress. Full computational

thermal analysis that could be run parallel to the

experiment has been demonstrated a few years ago

and awaits increased computer power to be re®ned,

speeded up, and extended to at least nanophase struc-

tures [60]. A ®nal computational technique that gained

application is the neural network prediction of con-

nections between data sets for the purpose of predic-

tion of materials properties [61]. Advanced TMDSC

installations are expected to incorporate many of these

theoretical and computational concepts in the form of

integrated computer software so that many questions

can be answered by detailed analysis of the experi-

mental results as they are generated. Typical examples

are answers to the questions: Is this material fully rigid

(is the heat capacity caused by vibrations only)? Is this

increase in the baseline a glass transition (is the Dcp of

the proper magnitude and what are the kinetics and

how does it correlate to the mechanical properties as

determined by DMA)? Which are the possible large-

amplitude motions that cause a speci®c, broad transi-

tion region (is there a mobile interface, are there multi-

nanophases possible, etc.)? What is the state of cross-

linking of the epoxy or prepolymer, and what further

processing is needed to reach given speci®cations

[62,63]?

3.3. Teaching of thermal analysis

The 21st century brings the hope of a rather wide-

ranging change in the teaching of thermal analysis. In

the past, the teaching, particularly in universities, has

been developing conservatively. As pointed out in

Section 2.3, the historical development of teaching

has neglected the inclusion of newer topics needed for

the progress of thermal analysis and also in polymeric

materials at an early level in the education of the

students to awaken their interest for this important

®eld of analysis and development of new materials.

Naturally, if this problem that developed in the 20th

century does not get resolved, the optimistic predic-

tions in the last two sections may take longer to come

true. Only if highly talented students select to train in

this ®eld can one hope to progress in instrumentation,

theory, and understanding of DSC, TMDSC and any

new instrumentation.

The experimentation with new teaching methods

[1,48] has shown that by now one can design personal

learning programs with many tools, and computer

networks can interlink the material world-wide. While

in the 15th century, with the invention of easy repro-

duction of books in the Western world, one might have

predicted the decline of teaching by lecturing, the

opposite was true. The book has proven to be a

valuable teaching tool, but few students learn entirely

from books alone. The presentation of all material by

professors in lectures seems to be the goal of higher

education in the United States, a goal that is increas-

ingly dif®cult to attain. It certainly is one of the main

reasons of the prohibitive cost of instruction since

class sizes become increasingly smaller as the topics

get more speci®c and the teacher has to have a higher

level of expertise. By making computer-based instruc-

tion readily available and including it as part of a

network of information over the internet, this problem

of high cost for small audiences can be removed.

Specialization becomes easier, and interaction with

the teacher is still possible via modern communica-

tion, such as e-mail. Additional personal contact

through short periods of laboratory instruction, sum-

mary lectures, workshop discussions, consulting
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arrangements, etc. can then round out the instructional

experience. Such rearrangement of teaching must be

coupled closely with a reassessment of the basic

learning which has to cover all exciting and important

®elds of science and engineering, so that an intelligent

choice for specialization can be made by the student. It

is necessary, for example that if one ®nds that over

50% of scientists and engineers are employed in the

polymer and textile industry, a similar number of

students must get interested in this ®eld early in their

studies. Present choices suggest that only <5% of the

students choose this ®eld. The discrepancy for the ®eld

of thermal analysis was documented in Section 2.3 and

is similarly unfavorable.

One must hope, thus, for a major change of the

education of thermal analysts in the 21st century. An

advantageous development would be, for instance, the

replacement of education in thermodynamics with the

special combination of equilibrium, irreversible, and

statistical thermodynamics, as well as and kinetics,

which is taught in thermal analysis [1]. In the treat-

ment of molecules, similarly, one should divide the

®eld equally into three major classes: Those of small

molecules (inorganic and organic molecules of <1000

atoms), large and ¯exible molecules (polymers, tex-

tiles, adhesives, biomaterials, etc.), and large rigid

molecules (metals, ceramics, salts, etc.) [64]. The

hope is that a basic education will evolve which does

not rely on re-education of the new graduates as soon

as they enter employment using teaching methods

developed outside the university curriculum. Simi-

larly, it may be more ef®cient (and bene®cial to the

university) that the branching into new specialization,

and updating of knowledge and certi®cation through

degrees remains under university control.

4. Conclusions

Based on the developments in the past it is possible

to make a number of optimistic predictions about the

development of instrumentation, theory, and under-

standing of temperature-modulated calorimetry as a

special ®eld of thermal analysis. All of these predic-

tions hinge, however, on new developments in the

teaching of the subject. If no quali®ed scientists and

engineers are available in the ®eld, the already devel-

oped instrumentation will not be used to its fullest and

the data analysis will not challenge the theory to

advance to the next level of understanding. Since,

in the past, the universities have not managed to show

aggressive leadership in the ®eld of thermal analysis

and not even the development of modern teaching

methods, one must hope that the regional professional

organizations collected under the leadership of the

International Confederation for Thermal Analysis and

Calorimetry (ICTAC) will take over this effort.
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