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Abstract 

The heat capacity of a substance is related to the structure and constitution of the material and its 
measurement is a standard technique of physical investigation. In this review, the classical methods 
arc first analysed briefly and their recent extensions arc summarized. The merits and dcmciits of 
these methods are pointed out. The newer techniques such as the ac. method, the relaxation method, 
the pulse methods, the laser flash calorimetry and other methods developed to extend the heat capa- 
city measurements to newer classes of materials and to extreme conditions of sample geornctry, pres- 
sure and temperature are comprehensively rev;ev,ed. Examples of recent work and details of the 
experimental srtems are provided for each method. The introduction of automation in control 
systems for the monitoring of the experiments and for data processing is also discusscd. Two trundled 
and eighty references and 18 figures are used to illustrate the various techniques. 

Key words : Heat capacity measurement, adiabatic calorimetry, isothermal calorimetry, Tian-Calvet 
nucro-calorimeters, ac. method of calorimetry, pulse methods of calorimetry, automation in calori- 
=try. 

1. Introduction 

The measurement of heat capacity is a major technique of physical investigation for 
the understanding of materials, because the heat capacity can be calculated ab initio 
from the model of a phy.iical system. Ruhemann i  suggests that more fundamental 
significance can be attached to heat capacity measurements than to any other investi- 
gation, at least at low temperatures. Even at high temperatures, these measurements 
are useful in understanding many physico-chemical phenomena. The heat capacity is 
the temperature coefficient of the average energy of the system and can be readily used 
as a test for any model or theory, though c is an averaged quantity so that its 
measurement cannot directly shed any light on the finer details of the mode1 2. 

The basic experimental techniques of heat capacity measurements are quite old. 
The systems based on the isothermal calorimetry (for example, the Bunsen's ice 
calorimeter, the steam calorimeter, etc.) and the method of mixtures are extensively used 
even today with little change in the principles of operation. These early systems were 
discussed in detail by Saha and Srivastava 3. The basic ideas of adiabatic calorimetry 
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were developed by Nernst 4  more than 70 years ago. These classical methods are 1, videb,  
used and generally provide very good accuracies ; but newer work has been taken Upj  
where these classical techniques cannot be used. Recently, measurements at high p res.' 
sates and very low temperatures, and on samples of unusual geometry (for ex ampie  
thin films and foil;) have been undertaken. The active interest in critical phenom ena's 
has led to the ru.;:.;;ity for very high resoluion C, measurements. Calorimetry has 
now become a uieful tool for biochemists and is even used as a clinical tools. 

These requirements have led to the development and extensive use of techniq ues  
such as the m Agitation m;thod, the pulse relaxation method, the dynamic N It ue 
methods and others. The cprnmercial developm,nt of the DSC (Differential. Scanning 
Calorimeter) has provided anther apparatus for very gaod Cy, measurements. These 
generally have an advantage in that the quantity of sample required for measurements 
is small, a few mg compared to the 10 g or more generally required by the conventional 
methods. 

The aim of the present review is to provide a coherent picture of the recent progress 
in heat capacity measurement. Generally, theie developments involve, on one hand 
the use of high precision electronic and scientific equipment to improve the accuracy 
and resolution of measurements and on the other hand, development of techniques and 
systems for work under unuitial environmental conditions. 	The easy availability of 
data processing equipment has led to the development of automated systems. While 
spme automation had been applied to the control function; in the earlier work, the 
present systems are generally designed for automatic data acquisition and analysis. 

The present review starts with a discussion of the relationship of heat capacity to 
other physico-chemical parameters. While this information is not new, it is intended 
to provide completeness to the review and also indicate the accuracies and resolutions 
required in various types of measurement. We also discuss the importance of C, 
measurements near phase transitions and under extreme environmental conditions. 
Section 3 describei the various classical methods and their general limitations. Excel- 
lent reviews of this area are available for example in Experimental Thermodynamics 
edited by McCullough and Scott', and in Marcus and Friedberg", Keesom and 
Pear'mins% Kybe...tt et al°, and Sturtevant". The measurements at high temperatures 
are reviewed by Shelton" and by Kingerey 12. Therefore, we have provided only an 
outline of the physical principles involved. The types of samples and the experimental 
conditions required in these measurements are also indicated to show the limitations 
of these older methods. The newer techniques are discussed in Section 4. Here more 
details of the principles of operation and of various experimental systems are reported; 
The DSC has been included, but since excellent reviews of the field are available"'' 
only a brief outline of the important aspects is given. The next section stresses the 
developments in the field of automatic control of experiments and the computation of 
C, data. The last section provides a brief analysis of the recent developments, etilPilas 
sizing the areas in which each particular technique is most useful. 
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Calorimetry is a flourishing area of work with a very wide range of application. 
As a result, some topics had to be excluded or discussed only briefly. For example, 
the active area of calorimetry of reacting systems, which provides interesting information 
about chemical reactions and kinestics is discussed very briefly. The fields of DTA 
and TGA have not been described. Fortunately, these areas have been comprehen- 
sively 	Murphy", and others 2 h23 . sively reviewed by Wendlandt 

2.1. Relationship of heat capacity to other physicochemical properties : Basic thermo- 
dynamic relationships 

Consider first some basic thermodynamic equations involving the heat capacity. 
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In equations (I) — (3), the system has transitions at temperatures T 1 . T2 , CAC. ) 	iS the 

enthalpy, S is the entropy and G is the Gibbs free energy. The specific heats at 

constant volume C, ard at constant pressure Cp , are related by 

C, 	= Tv IPA. 	 (4) 

where C, = T (bSIbT)p, C, = T 	 = (11V) (WIET), and K7 = (11V) 

(aviiiP)7. Equation (7) and the Nernst-Lindemann equation 

C, C, az A C: T 
	

(5) 

are used often. In equation (5), A is approximately constant over a reasonably wide 

range of temperature. Since pressures required for maintaining a constant volume 
of a solid are very large, only C, is experimentally measured in a solid. 

When a model of a system is developed, the first statistical quantity determined is 

the partition function Z. 

Z = s exp (— Eil kT). 	
(6) 

Here E are the energy states of the system and k the Boltzmann's constant. Z is 

related to specific heat as 

= T[82  (k Tin Z)/07' 2]. 
	 (7) 
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This relates in a fandamental way the specific heat to the model and energy s tates  
of the system. In reacting system; or under conditions where changes take place i n  
the number of particles in a given phase, it is customary to introduce the grand parti. 
tion function in treating the statistical thermodynamics of the system. These considera- 
tions are also well-known and will not be pursued here. 

The elementary quantum theory of specific heat is based essentially on the Einstein 
and Debye models which are used to evaluate the contribution to C, from lattice 
vibrations (phonons). The basic ideas and the shortcomings of these simple models 
for the density of phonon states are well-known. These shortcomings are reflected in 
the OD being not constant over a wide temperature range. The Born-Von Karmann 
model for the lattice vibrations" is uced to explain the changes in OD. However, a 
detailed knowledge about the energy states in the solid is not available to calculate 
C, and hence G directly. So for most systems, S.2- and (H T  — HO)/T are to be 
obtained from experimental calorimetric measurements only. Spectroscopic data and 
molecular parameters are available only for some simple gaseous molecules to allow 
a direct calculation of thermodynamic parameters 25 • 26 . 

2.2. Heat capacity measurements: Resolution and accuracy in main areas of 
measurement 

We can divide precise calorimetry into three branches : (1) calorimetry for the deter- 
mination of thermodynamic and other param2ters (2) calorimetry in critical regions and 
(3) catorimetry under extreme environmental conditions. These are now briefly 
discussed. 

The measurement of heat capacity for the evaluation of thermodynamic parameters 
is undertaken for the determination of C, and hence ST and GT for all equilibrium 
phases. As newer materials are produced, newer work will be needed. Also some 
amount of reference data is needed for evaluating primary standards for the calibra- 
tion of new calorimetric systems. The motivations for this type of work are the deter- 
mination of O D  and its variation with temperature, or of magnetic, spin or other 
contributions to C, and the determination of' physical processes causing them. Alter- 
nately, the data may b:, needed for the evaluation of H, G and S which are needed 
in defining the chemical kinetics and the energetics of the materials. The data are also 
used in the study of phale diagrams of materials". From the technological point ° f  
view, accurate C, measurements are needed in the design of systems and in the evalua - 

tion of technological materials for practical applications. In this class of work, usuallY 
absolute accuracy of measurements is very important since C, values are directly used 
in the evaluation of parameters. 

The theoretical and experimental aspects of critical point phenomena have been 
receiving a large amount of attention in recent years 5,1' ,29 . Following the development  
of the scaling hypothesis and the use of renormalization techniques, the theoretical 
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no. I. Relationships of heat capacity to thcrmophysical properties. 

work in this field has become well established. The theory suggests that near a second- 
order phase transition, C, varies as 

C,-.-AIT—T e  I-  a 	 (8) 

a is called the critical exponent and is universal, irrespective of the physical system, 
for a given number of degrees of freedom and the dimensionality. The extensive work 
on C, measurements in the critical region have been reviewed by Gronvold s), Kerimov 3 ' 

and others. Near a first-order phase transition, the evaluation of latent heat defines 
S and G, but near a second order transition, C, measurements give insight into various 

aspects of co-operative transitions and critical phenomena. Here accurate measure- 
ments of Cr  with very high rseolutions are necessary for detailed comparisons with 
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the theories. Measurements with relative accuracies of 0-1-0• 01% are necessary with 

t 	10-4  as the required resolution in temperature (here t = (T Tc)IT c). Since c 
(dQ1dT) p  the value of dQ will be very small for small dT. Thus the major requireme nt 
for the measurements is very high resolution and relative accuracy. Absolute calibra- 
tion is not of primary importance. In certain areas of critical phonomena, the require- 
ments cannot be met. 	For example, it is known that the superconducting coherence 
length is very large". Thus to obtain critical exponents in this case, C 
with t 	10 -14  are needed". This is currently not possible and specific heat measure- 
ments in superconductors are used mainly to obtain interesting information about alloy- 
ing effects, structural transitions, etc. 

The measurement of heat capacities under extreme conditions of temperature (very 
low or very high), pressure (high) or sample geometry and size is another important 
area of modern calorimetrY. The observation of electronic transitions such as the metal- 
insulator transition" Ins enhanced the interest in high pressure calorimetry. With the 
use of high pressure a; a materials production tools .' and general interest in high pres- 
sure effects on physical properties of materials, high pressure and high temperature 
calorimetry is fast developing. This importance of measurements of thermodynamic 
parameters, under pressure, is reflected in the reviews of high pressure calorimetry by 
Beckett and Cezairliyan 35  and by Loriers-Susseafi. The current experimental systems 
can give accuracies of about 2-5% up to 40-60 K bar. In many cases, errors Of 

5-10% are common. 

Heat capacity measurements at ultra-low temperatures serve two purposes. Heat 
capacity data of all components are essential for the design of efficient cryogenic 
systems 37 9 3s. Also, low temperature measurements have an intrinsic interest. If there 
are any Schottky anomalies, at low temperatures, since very few energy states are involved, 
C, measurements can help in completely understanding the phenomena 399 4° . An inte- 
re3ting example of calorimetry at low temperatures is the study of tunneling states in 
glasses. The two-level tunneling states model, developed by Anderson et al" and 
Phillips 42  is widely used for the analysis of the physical properties of glasses at very 
low temperatures. The:e were developed, in the first instance, to explain a large linear 
term found in C, measurements on amorphous systems". 

Another interesting area for calorimetry concerns samples of unusual geometry such 
as thin films, where the surface to volume ratio is very large and the thickness is 
usually 100-1000 A. These require speciai methods for C 	_It is known 
for a long time that powders have a Cr 	term and this term depends upon the 
surface area per unit volume a. This is theoretically and experimentally confirmed'. 
However, in the ease of thin films, a is very large and the results are not clear. Since 
the sysiem is not an infinite medium and there are a large number of free atoms on 
the surface forming a free boundary, the contribution of the Rayleigh surface states 
to C, is to be considered. Optical work has confirmed the presence of these states". 
Some theoretical work was also undertaken 47  but more experimental results are needed. 
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Also, a large number of amorphous superconductors are produced as thin films and 
their C, measurements at low temperatures are of interest's. 

For the measurement of C, under extrei 
to the design of systems for these special 
of samples is difficult in high pressure 
very low temperature work and then the 
films, the presence of a substrate is to be 
temperatures will be difficult. 

tie conditions, the major requirements pertain 
conditions. For example, adiabatic isolation 
calorimetry. Samples have to be small for 
effect of heat leaks will be large. For thin 
considered. Also, the attainment of uniform 

3,1. Classico! methods of measurement : Some new developments 

In this section, we briefly discies the methods which have been in use for a long 
time. The basic principles of operation are quite straight forward. A certain quantity 
of energy is supplied to the sample, usually in the form of electric power, which is 
accurately determined. The change in temperature of the sample is monitored. Possi- 
ble heat losses are also evaluated. Then 

Tl 
Q = e C47-  + Kd I. 

(9) 

TI  

Here, K represents a parameter of heat leak, which is not used to heat the sample 
but is lost. 	There are several distinct classes of calorimeters based on 	this 	simple 
principle and these will be discussed in the next sub-sections. 	These are very well-known 
but improvements to the systems for specific cases are still being reported. 	In each 
case, we shall discuss the basic principle and a few interesting recent examples in the 
field. 

3.1.1. Adiabatic calorintetry 

In adiabatic calorimetry, the sample is maintained under adiabatic conditions and the 
total energy input is used to heat the sample. The comparison between adiabatic and 
other methods is clearly illustrated in fig. 2. To ensure adiabatic conditions, the sample 
(with the heattr and the thermometer) assembly is provided with a shield of low 
thermal capacity. A controller is used to maintain the shield at a temperature identical 
to the sample temperature, even as the sample temperature changes. 

A large number of systems based on this principle are reported and the systems due 
to Southard and Andrews a and Furukawa et ars° are examples of the early work, 

Generally, fairly large size samples (about 540 g or more) are used. However. 
some systems which use smaller samples have been developed by several workers, for 
example, Morin and Maita 51. Due to the addition of heater, sensor and other 
addenda, the errors are likely to increase, particularly if the sample heat capacity is 
small:  It is generally accepted that adiabatic calorimetry is useful up to about 800° C". 
At higher temperatures, loss of energy by radiation will introduce errors. However, 
Systems capable of working up to 1900 K have been developed by Armstrong53, 
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Fla. 2. Different types of calorimeters (Ref. 105). 
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Sokolov" and others'. Recently, an adiabatic microcalorimeter which works on 
very small samples (down to 0.6 g) has been developed 57,58 . This method has also been 
used for measurements on radioactive samples, where self-heating by radio activity 
is to be considered". The schematic of an adiabatic calorimeter and control system is 
shown in fig. 3. The adiabatic method is an absolute method usable over a wide range 
of temperature. In other methods, either calibration or a knowledge of other thermal 
constants of the appraratus is needed. Systems capable of very high absolute 
accuracies (better than 0. 1 %) are known°. 

The adiabatic method can be u;ed for the study of reactions if the reaction rate is 
slow. An example of such a system is the one that has been developed by 
Kubaschewski and Walter". The adiabatic calorimeter can also be used in the differential 
modenTn. The heater power input in the adiabatic calorimeter can be continuously 
applied and several of these scanning type adiabatic calorimeters are described in recent 
literature, for operation over different ranges from liquid Helium temperature (f% ,  2K) 
to 1800 Km-48 . Recently, some improvements to the standard systems involving the 
reduction of the sample-to-bath thermal link" and the sample holder heat capacity, 
etc. 707" have been reported. The adiabatic method is used for measurements at low 
temperatures, when a magnetic field is present" and at very low temperatures 
(0-02-0• 2K) for measuring the specific heats of several amorphous insulators". Here, 
however, serious consideration to the heat leaks has to be made. The continued interest 
in adiabatic calorimetry is reflected in the recent development of some systems"P m  with 
very high resolutions and accuracies. One such example is a system with high resolu - 
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Mo. 3a. S.:hermitic diagram of adiabatic calori- 
meter. fi t  and if 2 are stainless steel supports ; 
F is the outer shield heat sink; E is the adiabatic 
shield heat !ink; A is the specimen ; C is the 
vacuum jacket ; B i  and 82  arc respectively the 
adiabatic and outer shields, and D is the quartz 
thermometer. Thermocouples are indicated by 
broken lines and heaters are indicated by series 
of points. (Ref. 253).  

Fro. 3b. Block circuit diagram for control and 
measurement associated with calorimeter, A, X3 
and X4 are Keithley 148 Nanovoltmeters ; X2 
is Keithley 149 microvoltmeter ; Y1, Y2, Y3 and 
Y4 are heater control units ; Z is a 0-30V 
power supply ; G is a lOs integrator ; 1? is a 
serial interface ; S is a data logger ; W is a 
video terminal ; M is a magnetic tape recorder, 
and I is a digital voltmeter. A is the sample, 
E the Adiabatic heat sink, F the outer heat 
sink (Ref. 253). 

tion with provision for 	heating the sample in steps 	of 10 mK76 . 	Another 	recent 

example of adiabatic calorimetry is the study of Cp and enthalpy changes in He 4  films. 

The gas is adsorbed on Vycor glass and an adiabatic measurement performed. 	The 

resolution is good enough to determine the C, contributions due to almost mono- 

molecular layers of He films. 	The temperature range involved is 0.08 K to 1.3 K". 

3. 1 .2. Isothermal shield calorimetry 
This method is used mainly at low temperatures (less than 20 K) where due to cooling 

Power limitation:, the sample size is small. Here, maintaining adiabatic conditions 18 
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difficult and so the shield is maintained at a fixed temperature (near the sampl e  
temperature). Fortunately, at low temperatures, the radiation loss falls off as P and 
becomes insignificant. The power input to the sample changes its temperature. The 
complete time-temperature profile of the system gives the quantity of heat leak Which 
is precisely determined. Hence the quantity of energy used for heating the sampl e  
is evaluated and C, determined. For this kind of set-up, the shield is made very 
massive so that the temperature of the shield does not change during the experiment78 .  

This method has been extensively used by Giauque and co-workers and several 
practical systems have been described in literature 79-81 . The use of this type of cal ori. 
metry for high resolution measurements (temperature resolution of a few id0 for 
various samples near their magnetic phase transitions has been discussed by Rives 8 2. 
He also discusses the errors in measurement and the use of continuous heating in such 
systems. A method of successive approximations for evaluation of C, and heat leak 
is also reported", whereby the accuracy in C, measurements at low temperatures is 
enhanced. 

3 . 1 .3. Isothermal calorimetry 

In this type of calorimeter, the sample at a higher temperature is introduced into the 
calorimeter, where the heat is absorbed under isothermal conditions. Usually, the con- 
stancy in temperature is maintained by a phase change. One of the well-known 
examples is the Bunsen's ice calorimeter. The facts that the heat capacity of the calorie 
meter is not involved and that the heat leak during the cooling time is negligible 
have formed important advantages in early work. Various systems have been deve- 
loped and the units due to Ginning. and Corrucini" and Hoch and Johnson's ," are 
representative examples. A recent version is reported by Denielou et al". Isothermal 
systems based on diphenyl ether have also been used for a long time 88,89. Mann" 
has in an early work shown the use of thermoelectric elements for achieving isothermal 
conditions. The development of semi-conducting thermoelectric elements has made 
such a scheme easier" in modern calorimetry. The Tian-Calvet microcalorimeter 
uses this type of isothermal calorimetry with a differential sample configuration, as dis- 
cussed further in Section 3.1.5. The major advantage of the isothermal calorimeter 
is the good resolution in enthalpy measurements. However, the sample temperature 
changes by a large amount and the method is useful only if C, of the sample changes 
slowly with temperature. The method is mainly used for enthalpy measurements at 
high temperatures, up to 1600r C. 

3 .1 .4. The drop calorimeter 

The drop method is similar to the isothermal method in the manner in which the 
sample is introduced into the calorimeter. 	However, the temperature of the receiving 
calorimeter is not constant. 	The change in temperature of the calorimeter is measured 
and calibrated with respect to the enthalpy given up by the sample. 	This is called the 
receiving calorimeter, the drop method or the method of mixtures. 	This 	method is 



HEAT OAPACITY MEASUREMENTS: REVIEW 	 287 

extensively used UP to about 1600° C. A few recent systems have been operated even 
up to 2500' C. This extensive interest is reflected in a large number of recent practical 
systems which are reported" -m. 

The basic advantage of this type of system is once again in the accuracy and resolu- 
tion of enthalpy measurement. High accuracies are facilitated by the fact that the 
calorimeter 	at or near the room temperature. However, the sample temperature 
changes by a large amount and the method is not useful if C r, changes abruptly (as 
near a phase transition). The receiving calorimeter may consist of a fluid or a metal 
block of high thermal conductivity. Usually copper is used. In such cases, the sample 
and block have to he machined to fit together, so that heat transfer is faster. The 
sample could be heated in an electric furnace. However, several of the recent systems 
have used levitation heating of the sample" " . Here the advantages are that compli- 
cated radiation baffles need not be used and the contamination of sample is reduced. 
This method is mainly used for the determination of C, and enthalpy at very high 
temperatures. A detailed description of several ' drop ' systems has been provided by 
Kingerey it . A schematic representation of such a system is shown in fig. 4. 
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3.1.5. The Tian-Calvet microcalorimeter 

This type of calorimeter was originally developed by Tian 101  and later modified and  
converted into a differential configuration by Calvet and co-workers 102-104 .  Here  

changes in sample temperature are held to a minimum and the heat generated 0; 
absorbed by the sample is measured by a thermopile. Alternately, Peltier cooling is 
employed to maintain complete isothermal conditions. The sample chamber is a cylinder 

FIG. 5a. Vertical cross-section of Calvet -  calorimeter cell (Ref. 105). 

A= Conical socket, B= Metallic block, C, C's= Cones designed to give 
perturbations, D= Metal cylinder, E= Thermostat, Fr= Electrical heater, 
Switch, 1= Thermal insulation, M= Microcalorimeter assembly placed in 

equiportion of thermal 
G Galvanometer, lfr 
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P. 56. Vertical ald hlrizontal sections of microcalorimeter element (Ref. 105). 

T -= Inlet tube, C= 	Cylindrical cell, 	D ,--s Silver oavitY 	for CI, 
nation, E 	Eat  :--4 Internal and externil surfaces of the cell. 

F Ca Insulation, I us Thermopile termi- 

of large length-to-diameter ratio and a thermopile is arranged symmetrically and 
regularly (fig. 5). The differential configuration is very useful in reducing errors wise 
This calorimeter was originally used up to about 1000° C but later improvements. 
(some of them commercial) have extended the use of this method up to 1600°Cw 6- w8 . 
The system is extremely useful in the study of reactions and kinetic processes occur- 
ring in the sample even if they are very slow. The fidelity of the apparatus is suffi- 
cient to allow a study of process /at:3 taking place over several hours or even days. This 
sYstern is useful for phyiicochemical studies, involving C, measurements, adsorption 
Processes and chemical kinetics. A large portion of the biological and medical calori- 
metry is performed using this type of system i°5 1 1"-111. The system is also extensively 
used in the study of thermochemistry of metals and alloys at high temperatures 112,113  

Recent developments in the instrumentation have made the sample requirements very 
small and this has added to the utility of the technique -m. 
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3.1.6. High speed thermodynamic measurements 

For measurements of thermodynamic parameters above 2500° C. the methods discussed 
in previous sections have serious limitations. Firstly, the problem of sample reactivity 
and corrosion are severe. Also the evaporation of the sample and effect of thermic). 
nic emission have to be considered. Hence the pulse or high speed methods have 
been developed and used extensively for measurements at very high temperatures. 
These have been reviewed by Beckett and Cezairliyanw. Here, a sharp pulse of energy 
is delivered to the sample and the rise in temperature continuously monitored. From 

knowledge of the incident energy and temperature changes C, is evaluated. If d ec. 
trical energy is used, direct measurement of power input is possible. For other types 
of radiation, calibration is necessary. 	Since the temperature has to be measured, a 
large number of times in a short experiment, optical pyrometry is usually used. For 
conductors, Joule heating is used. The method can be used at high pressures also 
(see fig. 6). For insulators, external radiative heating is employed. These techniques 
are generally used at temperatures in excess of 2000n C. However, some workers have 
used them at lower temperatures also. The systems of Avramescut", Kurrelmeyer 
et dm, Nathan 118 , and Wallace et al" are representatives of early work in the 
method. Generally, the accuracies in this type of measurement are 2-5%. A modi- 
fication of this is called the exploding wire calorimetry. Here, a sharp pulse of energy 
is again applied but the power is so large that the sample which is in wire form 
completely disintegrates. Thus, the measurements are possible over a wider temperature 
range. Cezairliyan and co-workers have used this method very effectively 1201 121 . This 
method is obviously useful only for conducting samples. The requirement of fast 
measurements make the use of automation in this method very attractive. These 
developments will be discussed in Section 5. 

Si'l 1 DC C. 

RECORDER 

FIG. 6. A simplified block diagram for transient measutements of specific heats at high pressures* 
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Calorimetry of reacting systems 

The adiabatic method or the Tian-Calvet system do not work if a fast reaction takes 
place in the sample. For such applications, other techniques are used. These include 
the bomb calorimeter, the flow calorimeter and the solution calorimeter. In the 
tomb calorimeter, the reaction takes place in an atmosphere of either oxygen or any 
other gas (usually F2 ), in;ide a closed container called the bomb. This is immersed in 
a regular bath and the enthalpy increments are measured as in the drop method. 
The system usually has provision for sweeping away the gaseous reaction products 
for analysis. Sometimes, the bath is flooded and the reaction products dissolved in 
a solvent for analysis. Benzoic acid is generally lived for calibration of the bomb 
calorimeter. The bomb calorimeter is sometimes made of glass, to assist visual obser- 
vations during the combustion. The flame calorimeters are used to determine the heats 
of combustion of gases or substances with high valiour pressures at room temperature. 
If p. -emixing of constituents is not possible, a continuous flow configuration may also 
be used. 

The solution calorimetry is similar to the bomb calorimetry as far as enthalpy 
I  measurement, are concerned. Generally, calibration is done by electrical power input. 

The solution calorimetry is used for the determination of heat; of solution, mixing, 
formation, etc. Solution calorimetry involving molten tin has been widely used. 
The flow calorimetry is used to determine the heat capacities and energy changes, as 
a steady flow of fluid passes through a controlled bath. This can be used to determine 
the heats of reactions of solid-fluid or fluid-fluid systems. 

The above methods are well-known and a large number of systems have been built 
with minor changes as required for individual cases. The reviews by Kybett et aP° 
and Shelton" cover these areas very comprehensively. However, even in recent lite- 
rature, several systems for individual applications continue to be reported. For example, 
Lenski and Bohler' 22, Olofsson and Surtnern 3  and Hagiov et aP2 ' describe some 

imp:oved models of F, and 02  bomb calorimeters. lsoperibol calorimeters for C, 

determinations on fluids and also for aqueous solutions have been reportedi 26 1 12" and 

flow calorimeters for fluids and fluid-solid mixtures are described by Chourasia ci aP26 . 

and Clarke et aln7 . Such activity once again shows the continued interest in and 
Importance of such systems. A recent very interesting example is the high temperature, 
high pressure flow calorimeter developed by Christensen et aP28 . Here, measurements 

of ± 0.5% accuracy in energy are possible over 273-423 K and up to 4,000 atmospheres. 

3.1.8. Calorimetry of fluids and gases 

Gases and vapours generally have well defined electronic, vibrational and rotational 

energy levels, which assist in an ab initio calculation of the partition function. Also, 

the molecular parameters are generally well-known and in some cases precision in such 
calculations is more than the errors in experimental measurements. The basic physical 
PrinelPies of the spzcific heats of gases and the application of quantum mechanical 
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methods are well described by Gopa1 2 . In the methods discussed above, the adiabatic 
method can be employed for fluids as already mentioned. The flow calorimetry i s  
another technique used. For gases, there are other specific methods. The Clement 
and Desormes method is one, where from pressure and volume measurements, the val ue  
of y = C,IC, is determined. In the case of gases, in addition to C,, C, is also experi- 
mentally determined. Another method uses the relation, 

v = 	. 	 (10) 

Here p is the density and V is the velocity of sound. From accurate sound or ultrasonic 
velocity measurements, C, is easily evaluated. Such classical methods, for measure- 
ment of specific heats of gases. are discussed at length by Saha and Srivastava. The 
thermodynamic data of various gases are of interest and a large amount of compiling 
work on this line is often performed 129'130. An interesting recent work has been the 
use of the transient hot wire method (to he discussed in later sections) for the determi- 
nation of diffusivities and thermal conductivities of gases'31 133,  The method has been 
used for studying the thermal conductivity anomaly at the liquid-gas critical pointi34 . 

3.2. Merits and demerits of the classical methods 

The classical methods have been very widely used and hence are very well documented 
as regards the important features, design considerations and calibration procedures. 
They are capable of good accuracies and resolutions. However, these generally require 
rather large quantities of sample material. So they are not easy to apply if samples 
are very small in size and weight. Further, their use under extreme environmental condi- 
tions is limited. These two factors are the main reasons or motivating forces for the 
new developments in recent years. 

4.1. The new techniques : General features 

The division of the experimental techniques into the classical and newer methods is some- 
what arbitrary and as mentioned earlier is introduced only for the sake of clarity. 
In the present section, we discuss methods, which unlike the classical methods discitsced 
in the previous section, have come into prominence recently. Here, we discuss the am. 
calorimetry, the pulse relaxation method, the dynamic pulse methods, DSC and a few 
other techniques such as laser flash calorimctry, ultrasonic, magnetic methods, etc. The 
first three can be called transient methods and are primarily based on the ideas of heat 
wave propagation developed by Angstrom'. Obviously, the basic idea is quite old 
but the development as calorimetric systems is quite new. In the following sub-sections, 
we shall discuss the detailed physical principles involved and then discuss the various 
experimental arrangements and systems used. 

In the transient techniques, the heat capacity is related to the internal relaxation time 
i.e., the time involved in the sample attaining temperature equilibrium, when a certain 
amount of heat is supplied to it, and the external relaxation time, i.e., the time 
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constant characterizing the thermal link between the sample and the calorimeter. 
This generally means that experimental conditions can be altered to suit requirements 
for different samples, heat capacity values and sample environments. This is the major 
advantage of these methods. The DSC, in addition to being a commercially available 
system, can be programmed to make the measurements at a fixed rate. The laser flash 
calorimetry and other methods discussed in Section 4 .1.5 offer an insight into the many 
ways in which C, can be evaluated under various conditions. 

4. 1 . 1. The ax. calorimetry or the modulation method 

This is the most extensively used of the modern methods and the literature is quite exten- 
sive. The basic principle is the use of periodically varying power input for heating 
the sample. The sample is connected to the bath through a weak thermal link. The 
amplitude and the phase of the periodic fluctuations in the sample temperature are 
related to the heat capacity of the sample. The method is ideally suited for work on 
small samples (".• 1 mg), thin films, foils, etc. However, the method has also been used 
for work on bulk samples by Wantenaar et al' 36 . The method has been used for 
high pressure calorimetry and has now become one -of the most attractive methods 
for measuring the heat capacities at high pressures. Depending upon the exact sample 
and calorimeter design, the equations relating T„,, the temperature fluctuations and C, 
differ slightly. A clear description of the theory was developed by Sullivan and 
Seidel's'. This particular work has played a large role in making this method very 
popular. It should be mentioned that this method basically depends on the work of 
Angstrom', and is quite old. Early developments in the field have been reviewed by 
Zavaritskyl". 

Let us consider the system consisting of a sample of heat capacity C,, heater of heat 

capacity C„ and thermometer of heat capacity C e . These are connected together among 

themselves and to the bath through thermal links as shown in fig. 7. Let Kb, Kk and 

K o  be the thermal links. Here, we initially assume that internal thermal equilibrium 
_a_t_ 	 Than lot thp ',enter flower delivered be of the form 

Lu caen. pan Is innantaLtuvu,. 	 /A.01. 11.1n1 •• ■■•••■ ■ r • 

Q = Q 0  (cos 3  0)1) 2 . 
	 (10 a) 

The modulation calorimetry ' or the am. method ' is the name acquired due to the use 

of such a power in the experiment. If T„, T o , Tb, and 7', are the temperatures of the 

heater, thermometer, bath and the sample, the equations of heat flux are given by 

Clark = Q k  = Qa (COS (002  — (7; — 7;) 

= 	= Kb (Th  — Ts) — Kb (T, Tb) Kg (Ts 

Coro  = Q o  = Ko (T, To). 	 •
(U) 
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THERMOMETER ( C 0 . ) 

HEATER ( C h th) 

Fro. 7, 	Diagram of sample coupled to a bath, thermometer, and heater by the thermal conductances 
Kb, Ks art! 	Ke y  respectively 	(Ref. 137). 

The solution for the temperature To , which is the experimentally determined quantity, 
is usually quite complex. The solution of Sullivan and Seidel assumes the following: 

(i) The heat capacities of the heater nd the thermometer are small (we note tha, 
this constraint on addendum heat capacity is present in the classical methodst 
but is less serious). 

(ii) The sample, thermometer and the heater come to equilibrium in a time much 
smaller than lko 

Then 

.
n (t 	 (12) 	 s i n 	— cO] . ill

. 

Here (1 — 6) is a complex expression and further simplifications are needed. It has 
to be noted that the basic idea of the experiment is to feed periodically varying heater 
power and to detect the periodic variation in the temperature. This is possible 
if the temperature of the sample, thermometer and heater assembly follows the heater 
power variation. In a simple electrical analogue, a CR network for low pass filter 
action, we need co< 1I2nRC where 2nRC is the time constant r. If we define relaxa- 
tion times re , T, and Tit ' as 

-S c . 

	 ce 	Cit 
• 	 tl 	TO 	TA = K 	K,,' 

(13) 
e 	* 
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then the condition needed can be written as 

co 2 (r2 	r0 <1. 
(14) 

In addition we require that 

These assumptions define the value of co to be used, depending upon the experimenal 
parameters. We can usually find some value of co such that these conditions are satis- 
fied whatever be the experimental configuration. 

If we introduce 

T1 =lc  T s  

= T; 	T: 	lint  

ti  1)/(901"  q (IS) 

where 	is the thermal diffusivity, then 

2 2  272  
(10 " 2coC 	cot  7,1 

The equation is still quite complex and experimentally there are various ways of 
determining the heat capacity values. In the method used by Sullivan and Siedel, the 
sample is electrically heated. The T„, (co) is determined for various values of co to find 
T2. The value of r, is determined by heating the sample with a small d.c. power and 
following the relaxation of the sample temperature when the d.c. power is stopped. 
Accuracies of about 1% are reported. The schematic block diagram is shown in fig. 8. 
The availability of high precision lock-in amplifiers (synchronous detectors) which can 
detect a coherent a.c. signal of even a few nV in a random noise of IV has made the 
measurements possible. Several other workers have also used a resistive method for 
heating"-"t. Among these, the unit developed by Bruce and Cannel! is attractive, 
since an inexpensive nichrome thin film was used for the work'". They:have reported 
the accurate measurement of C, near the Neel point for Cr.O, using this set-up in. 

- 
In some cases, variation of heat capacity is of more interest rather than absolute 

values, for  example, near a co-operative phase transition. In such cases, this method 
can be used very efficiently. , Since T., so 1/C if we assume very small changes in the 

Other parameters such as r i  and r., the determination of T., is enough for .this purpose. 

In fact, it is known that for several a.c. calorimeter systems, relative accuracy is much 
superior to the absolute accuracy. Yoshizawa and Fujimura l" have developed a 

system vilUch they used to measure C, of NEI 4C1 near the ferroelectric transition.. They 
report an absolute accuracy of only 5% but the relative accuracy is 0.1% and the 

temperature resolution is 1/300 K. This advantage has been exploited and several 

workers have used ac. calorimetry for C, measurements in the critical region. Interesting 

examples of Euch work have been reported by Salarnonl", Handler et aP", Kraftmakher 

And Romashi napi6 148 . and others 147 ) 	 - -t -•t1 	- 
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Via. S. Block diagram of the arrangement to measure the heat capacity using the a.c. technique 
(Ref. 137). 

A simple comparative system based on this technique has been developed by 
Viswanithanot. This system is very interesting in view of the versatility and simpli- 
city. Here, a laser beam is modulated by a chopper, split into two beams of equal 
intensity by a Wollaston prism and the two beams heat a sample and a standard 
independently. rt is kept small in both the specimens by careful design of the thermal 
link (fig. 9). The Ta  for both the sample and the standard are measured. 

Then, 

= c2 (ATILI(,31 ).e. 
	 (1 7) 

This comparative technique is very useful since it reduces the number of quantities to 
be measured. Such a technique is not possible with resistive heating because there is 
no easy way of ensuring that equal quantities of power are being delivered to the 
sample and the standard. 

The use of optical (laser) or other radiation as the heating source is not limited to 
systems with differential measurements. Even for single sample geometries, laser heating 
power was employed by Greene et a/ 150 . Horchm and El Shaskowy et aP52  have also 
reported a.c. calorimeters with radiation heating. It can be noticed that if a.c. power 
is delivered only to some part of the sample, there will exist a phase difference 
between the a.c. temperature changes at different parts of the sample. The precise value 
of this phase angle can be measured easily and related to the heat capacity values* 
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Fla. 9. ac. calorimetric system with provision for sirnultatteous optical heating of sample and 
standard (Ref. 149). 

Salamon et all" have used laser heating of a part of the sample, measured the ampli- 
tude and phase of T., and thus measured the specific heats and thermal diffusivities 
near phase transitions for a number of samples. A similar system was developed by 
Yurchak and Khromovim. As already mentioned, the ac. method is very useful if the 
samples are thin films or foils. In many such cases, in situ measurements are neces- 
sary. Using either amplitude or phase measurement', a number of workers have 
measured the specific heats of thin films and foils by this method' 5°•'65-167 . 

Another very important regime for ac. calorimetry is work at high pressures and 
at high temperatures. For metallic systems, ohmic heating has been employed as a 
simple way of applying a.c. heating. The details of work at 'high temperatures has 
been reviewed by ICraftmakherml. For the detection of the a.c. temperature signal, 
either an electric or an optical detection system using photodetectors can be used. In 
addition to Kraftmakher and co-workersi", Holland and Smitlf.", Eichler and Ger 
have used such methods for heat capacity measurements. Similar measurements at 
high pressures on several samples have been reported by _several worken. For a.c. 
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calorimetry at high pressures also, ohmic heating is employed for metallic samples and  
indirect electric heater for non-metallic samples. Representative examples of a.c. hi gh  
pressure calorimetry are reported by Baloga and Garland in, Its kevich and co-worker s in 
Andersson and Backstromin and Sundquistun. 

4.1.2. The relaxation calorimetry 

This is a method where the basic physical arrangements as well as the experiment a l 
set-up are simple and straight forward. The method has been used mainly at low 
temperatures. The theory of the method is discussed at a number of places but the 
discussion of Bachman et al's is easy to follow. 

Basically, the adiabatic method uses the equation 

C = AQ/Ar 
	

(18) 

However, as noted previously, an ideal adiabatic situation is not practical. We can, in 
general, define a relaxation time T , for the conductance between the sample and the 
bath (Obviously r 1 	oo for ideal adiabatic conditions). In the present method, a 
steady power P is applied for some time. When power P is cut off, the temperature 
relaxes back to the bath temperature. Here, if we assume that the sample and the 
addenda reach equilibrium faster than r 1 , (once again as in a.c. calorimetry ar s > r 1 ) 
we can write, 

power in = power out + ditch (Heat in sample) 

or 

P = Ak(3raz) C(T)(aria!). 	 (19) 

Here Z is the direction of heat flow, A 15 the area of cross -section of the thermal link 
and k is the thermal conductivity of the link. 

• 

Hence, 
T, 

C(7) = (ariati [P f K(T) dl'] (20) 

where 

K (T) = k (T) Al 1 . 

If 71 — T. is small, then k can be considered to be constant and 

C(T) = K(T o )ld(In AT)/d(, 

C is also constant over a small temperature change, 

daft AT)1dT = — 	K1C 

ATO) (T1 -"iTs)exP(— 

(21) 

(22) 

(23) 

(24) 
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Hence C can be evaluated if t 1  and K are experimentally determined. 
are some corrections to be applied. FirsLly, we have not considered 
to the heat capacity by the thermal link and addendum. If these 

However, there 
the contribution 

are included, 

KT= C, Cb 	Co" 

	

(25) 

Where Ce  is the addend 
used as the thermal link. 
ac. calorimetry, cot 1 /10 

urn heat capacity, and C,,, is the heat capacity of the wire 
A second source of error is inherent. We note that in the 

> I > ør2  x 10 so that r, 	ra is easily cqtic.fictri 	tiara _ 	 A 	 ... 	 a 	_---- j 	.4..0.••••..nisovia  

I % accuracy in C, measurements, 	Ti > 74 is to be more however, to get tne same 
r;cririlv enforced. This is the major nroblem with the methnd 
1 etsw i 	 _ 	 a 	 _ 

Generally, the experimental set-up for this type of calorimetry is rather simple. ,A 
known power P is fed in and K is found as PI AT, where AT, is the raise in,tempe- 
rature. The P is then cut off and variation of T is plotted as a function of time. The 
data are fitted to an exponential equation and r is evaluated. If .7. 1  > 71 is not rigidly 
satisfied, we get a non-exponential plot. The method is mainly used at low tempe- 
ratures since 1- 1  > 1-1 is more easily satisfied. The method has been used by Bachman 
et al with a silicon infrared bolometer as the temperature sensor and sample holder. 
The sample holder is shown in fig. 10. Several other workers such as Shutz 167  and 

Schwan et all" have also used the method for low temperature work. Lawless' has 
used the method for measurements on a number of ferroelectrics in the 2-34K range. 
Rade" has demonstrated the use of the method by measuring the C, of a small Sn 
sample (--# 5 mg). The method has been used for low temperature measurements on 
some thin films"' and even at room temperature' 72 . A set-up for measuring specific 
heats in the presence of magnetic fields of 4.4 Tesla in the 1-5-10 K range has been 
described by Forgan and Nedjati n. Djurek and co-workers have modified the method 
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slightly and used their set-up for measurements on some quasione -dimensional sys.  
tems"4,  "5. In their set-up, the time constant T is compared with an electrical RC ti me  
constant for precise determination. The errors involved in the method have been ana- 
lyzed by Rubeic and Rubeic" 6  and by Bachman et al' 88. 

4.1.3. Pulse propagation or dynamic pulse methods 

This is a group of methods once again based on Angstrom's work but these differ from 
the pulse relaxation method. In the relaxation method, the sample and addenda reach 
internal equilibrium quickly and the temperature of the total system relaxes due to 
the thermal link to the bath. In the present methods, the heat is applied as a pul se  
at one part of the sample and the propagation of the pulse of heat through the sample 
is monitored as a function of position and time. One of the early practical systems 
of this type has been developed by Parker et all". Kruger et al 178  have given a good 
description of the principle of this method which we shall discuss in some detail. 
Basically the method is used for cylindrical samples. In these techniques, the sample 
geometries and configurations are very important. 

The system of Kruger et al is shown in fig. 11. One end of the cylindrical sample 
is fixed to a bath and is at a fixed temperature. A sharp pulse of heat is applied at 
the other end. A thermocouple fixed at a point along the axis monitors the temperature 

XENON FLASH LAMP 

VACUUM 

FIG, 11. Schematic of ;he cryostat for thermal diffusivity rn,easurements down to I IC (Ref. 178)9 
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at a point X = X. on the sample, the heat pulse being applied at X 0. The equation for heat flux is 

(32viax2) — 11K(3 viat)= 0 
(26) 

where 

(27) 
the change in temperature. In the present 

a series which converges for A', :5 0.45 L 
The solution is 

(28) 

K = AlCp 

K is the diffusivity, p is the density, V is 
case, with axial symmetry, the solution i 
where L is the total length of the sample. 

in of 	
X: 1 

vt) — 	i + 1" 77EK. 
Hence, by plotting In (V Vt) vs lit we get a straight line. The slope is related to the 
diffusivity K as 

K = Grivdo • (slope) 

Also 

Ct 	 x  1  
pF ; \1771,12 

Here, Q is the total absorbed energy, p is the density, F is the area of energy absorp- 
tion, and Vtai , is the maximum value of V. Then both 1 and C can be evaluated. 
The heat losses through the sensor leads have been shown to be negligible if the time 
I is less than 5 seconds. This type of experiment has been performed on samples of 
size 2 x 3 x 5 mm. Several workers have reported such systems for work at low 
temperaturesn-ln. An analysis of the errors introduced by source sample separation, 
geometry, etc., have been discussed by Cape and co-workers 92* 1113 . Gershenson and 
Alterowiten have evaluated the errors in using this method with thin films and 
changing sample size. 

The main temperature region for this method, as described above, is at and below 
room temperatues. A number of measurements on silicon, polymers, etc., have been 
reported's" , 184 . 

This method has been used for simultaneous high pressure, low tempe- 
rature calorimetry on vitreous polymers" I . A number of workers have used the instan- 
taneous pulse methods at high temperatures. Examples include the measurement on 
KNb03  in the 350-700 K regime nt" and the measurement of diffusivity and C, of a 

number of refractory materials" .  in the 50-1000 °C range. Systems capable of working 

at higher temperatures have been reported by Fox and McMaster i"°, Vandersande 

I and Pohl"' and by Taylor' 92 . Klimenko et a!'" have used a high power laser for heat- 

ing and used the method up to 3000 °C. 

An extension of the method has been used by Filler et arm for work on thin film 

samples. An advantage of the method is that the total information is contained in the 
V vs t curve. This data can be stored and the errors reduced by the use of a multi- 
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channel analyser and data processing equipment. 	Usually for 

samples, a xenon flash lamp or other radiative source is used 
pulse so that the heat pulse is very sharp. 

cylindrical geometry 
as the source of heat 

The transient hot wire and the plane wave methods are essentially similar. in th e  
transient hot wire method, a heat pulse is applied along a wire by Joule heating. Th e  
sample is such that the wire is embedded in it. The propagation of heat is detected 
and the heat capacity values are evaluated. Systems of this nature are many and the 
systems rep3rted by Wernerkieffer 145, Ress et al'" and Schrader and Nolting 107  are 
examples of the use of this method at high temperatures and high pressures. However, 
the placing of the wire radially in a cylindrical sample is difficult and the method ca n_ 
not be applied for work on single crystal samples and solids which are not easily 
formed into the required shapes. This disadvantage has been avoided in the plan e  
wave method,' which has been extensively used by McLaughlin and Pittman"' 
Gustafsson and co-workers" 202  and others 203 206 . Here, the heat is generated in a thin 
film of heater which is usually deposited on the sample. Two pieces of the sampl e  
are used and the heater embedded between them, and since heater thickness is very 
small, the heat losses are negligible. This method can be used to determine the pro- 
perties along different directions in a single crystal and the tensorial properties can he 
determined 207-2". The method has been extended for use with fluids and fused salts, 
.The, transient hot wire method can also be easily used for fluids since casting or pre- 
paration of sample is not necessary's". Obviously, all these methods depend upon the 
sample geometries and experimental configuration Hence, there are generally a number 
of variables and solutions for the heat equation employed. 

4-1.4. The D.S.C. (differential scanning calorimeter) 

The differential scanning. calorimeter is a high accuracy, versatile, commercial instrument 
for thermal measurements. This method is currently more useful for chemical measure- 
ments involving the precise measurement of enthalpy, but its use in heat capacity 
measurements is also fast increasing. This method has been extensively surveyed by 
many worker 4 and we shall therefore present only a brief review. 

Essentially, this calorimeter consists of a sample chamber and an identical chamber 
fore the standard. The system has independent heaters . and sensors. There is provi- 
sion for heating both the chambers at identical, pre-programmed rate (see fig. 12). The 
heating power input to the two parts is continuously varied to maintain the heating 
(or cooling) rate. The difference in power input to the standard and sample is caused 
by any exothermic or endothermic transformation occurring in the samples and hY 
the difference in heat capacities of the ?ample and the standard. This difference IS 

continuously plotted. The detailed control configuration is shown in fig. 13. Th e  
plot can be analysed to give the heat capacity values, enthalpy changes, etc. The 
method is generally quite accurate. Values down to 2% are routinely available. The 
commercial iinit,4 are capable of operation in the 77-850 K range. (For example, th e  

• pe'-kin Elmer DSC-2 unit). The resolution in heat measurements is less than 1-2 nal, 
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Fro. 13. Sc'rmttic diagram of the Perkin-Elmer DSC instrument (Ref. 18). 

The quantity of sample required is also small (r•I 10-50 mg). The system is used with 
aluminium or gold sample containers. Special containers for volatile samples are also 
availablens-212 . 

As is obvious, the DSC differs from the Calvet-Tian type differential microcalorimeter 
in the quantity that is monitored. Instead of heat leak being measured by a thermo- 
pile, the heater power input is monitored continuously. Also, unlike most other heat 
capacity measurement systems, the DSC is fast. The normal rates of heating in a 
DSC experiment vary between 5 and 50 Kimin. The normal methods usually employ 
5-10 Ichr. This places a serious limitation on the DSC from the physicist's point 
of view. Since the temperature is continuously changed at such rapid rates, there 19 a 
possibility of sample temperatures lagging behind the indicated changes. Also, the 
lag may depend upon the sample thermal conductivity and the internal relaxation time 
The packing of the sample in the container, the thermal conduction barrier between the 
sample and the container have also to be considered 213. The variation of the absolute 
temperature calibration from run to run and the calibration of the enthalpy scale 
are other factor's to be considered in obtaining high accuracy heat capacity data from 
the DSC214-215 . For example, the temperature calibration is rarely better than 0 . 1 K. 
This limits the application of DSC near phase transitions. Also, work at very low 
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temperatures is not possible. However, the DSC has been sometimes used for C, 
measurements near the second order phase transitions under certain conditions. 

The field where DSC is very useful is in the measurement of relative enthalpy 
changes on a large number of samples for the evaluation of material purity, consis- 
tency, etc. The DSC has also been used in the measurement of properties such as 
electrical resistivity 218 , thermal conductivity" and emissivity 217 . The use of DSC for 
high pressure measurements is also wellknown 218,218. Most often a gas pressure is 
employed and measurements are reported only in the near atmospheric pressure range 
(usually up to a few hundred bar). This is useful in the study of a number of chemical 
reactions and evaluation of chemical parameters. Arntz 218  has developed a DSC system 
capable of working up to pressures of the order of 4K bar. An interesting feature of 
DSC and Tian-Calvet systems, indicative of their wide spread use is that several sys- 
tems with minor modifications are periodically reported. 	These are all generally 
differentially configured systems for small samples and the principle of operation is 
similar to either the DSC or the Tian Calvet systeMa -223. 

4. 1. 5. Other methods of modern calorimetry 

There are a large number of examples of interesting systems developed in recent years, 
which are not very widely used. However, as they are interesting, we shall discuss a 
few examples of such work. The physical principles involved in these indicate the 
different directions from which C, measurements can be made. 

The first method which we shall discuss is the laser-flash-calorimetry. This method 
has been basically developed by Takahashi and co-workers 224-228 . The method has been 
used over a wide range of temperature (up to 1000° C) and relatively small samples 
can be used. The method is a modification of the pulse methods discussed in section 
3.1.7. Here, a sharp pulse of laser power is used to heat the sample over a small 
temperature difference. The change in sample temperature is carefully monitored. 
The laser power input passes through a partial reflector before falling on the sample. 
Thus a fixed portion of laser energy is reflected into a photon counting system and the 
exact power input into the sample is evaluated (fig. 14). From this and the temperature 
profile of the sample as it is heated, the heat capacity of the sample is evaluated. This 
method has been used on samples such as Pt, A1 103, US, UP, etc. Mother interesting 

System is described by Kumada 228. In this method, a disc-shaped sample is used. One 

surface is heated by a laser, the intensity of which is increased in regular steps.. (The 
intensity thus is represented by a staircase wave form). The temperature on the other 
surface of the disc is continuously monitored and the change in heat capacity 
evaluated. 

A few other indirect methods are also known. Cherchenko and Lyon?'" have suggest 
te. d .that the C, can be evaluated by accurately determining the resistivity, 	

characte- 

ristics and the temperature coefficient of these and then theoretically correlating
.  the 

data to Cr  Baranov et ai281  have discussed a method where C, of a disc-ishaped 
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Fm. 14. Schematic diagram of apparatus of laser flash calorimetry : 1. Sample, 2. Thermocouple, 
3. Internal heater, 4. Quartz container, 5. Adjusting slit, 6. Prism, 7. Reflecting glass, 8. Si- 
p!) otoelec-trie cell, 9. ICE bath, 10. Outer heater or lig. Ng bath. 

sample is measured by monitoring the changes in amplitude of reasonance vibration of 

such a sample in a heat flux. 

Marxm has suggested another interesting method. This is called the quotient method. 
Here, two samples with independent heaters are connected through a thermal link. 
The same power is fed alternately into the two heaters. The heat flux through the 
link is measured in both the cases (i.e., when power is fed into one heater and the 
other). The heat capacities of the samples are related in a simple way to the ratio 
of the heat fluxes, which are measured. 

A method for evaluating the magnetic contribution to heat capacity was originallY 
suggested by Casimir and du Prez". Here, only magnetic properties need be measured. 

. 	This is an advantage since the lattice contributions will be much larger and the other 
classical methods are not very useful. The method has been improved by Wolf a nd  
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co-workers 234  by using cryogenic tunnel diode oscillators. The method has been used 
for measurements of C„, of rare earth halides, h,ydroxides and garnets 235. 

The use of SQUIDS for the measurement of physical properties is now very well 
known. Recently, Park and Vaidya 236  have used SQUIDS for the measurements of 
heat flux in a calorimetric set-up. They have reported its use in the 1 76 K regime, 
Though the use is very interesting, the method is obviously limited only to the liquid 
helium temperature range. In order to prevent the contamination and corrosion prob- 
lem at high temperatures, several interesting systems are suggested. For example, the 
use of radiation or solar energy to heat samples and to prevent contamination has 
been discussed by Lacy and Nisen 212  and by Kirizbaev and Shamuzafurova 241 . 

Another recent very interesting indirect method for c determination is the use of 
photoacoustic effect for the determination of C,. 	This was suggested by Adams and 
Kirkbright" and by Siqueira el al's'. 	Here, the sample is enclosed in a chamber with 
low pressure gas. 	The heater power, in the forms of chopped radiation is fed into 
the sample. 	Then heat flows into the gas periodically. 	This causes compressions and 
rarifactions in the gas and an acoustic signal is 	generated. 	This 	signal strength is 
related to the specific heat C, and thermal conductivity A which are evaluated. 

As mentioned earlier, calorimetry is becoming a powerful tool in biochemical studies, 
bioprocess investigations and even in clinical work 6,109-111. Usually, the Tian-Calvet 
system or the flow calorimeters have been used. An interesting new development 
is the whole body calorimeter"; 238   Here, processes involved in the biological-energy 
conversion of not only specific organs but even the whole body can be investigated. 

5. Developments in automation and control systems for precision caloritnetry 

Automation of data acquisition and control has become a major activity in every field 
of analytical measurement. While the earlier control systems were invariably of the 
analogue type, the recent trend has been towards the use of digital systems. This has 
been made easy by the availability of good microprocessor/computer control systems. 
Automation helps in the realization of more consistently accurate data and avoids human 
errors and fatigue. Since high precision is always necessary in heat capacity measure- 
ments, various automated high precision calorimeters have been developed. 

Historically, temperature control has been the first step in the automation of the 
adiabatic calorimeter. Early systems are described by Stul1 243, Zabetakis et al244  and 

are reviewed by Hill'. These were generally simple systems involving the sensing of 
temperature and the control of one or two shields or regions. The Tian-Calvet micro- 

calorimeter is also of similar nature where some control is automatic but human 

involvement is still large. The topic of temperature control has an extensive litera- 
ture246247. A significant development here has been the application of control theory 

to situations where the temperatures.- are varying linearly24113,25ll. 
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The next stage in automation has been to integrate the sub-units for data acqui sition  
in the past two decades several units were developed and those by Martin and c o., 
workers 24-251  and by Shin and Criss 252  are examples, where the primary data like heat.. 
ing rates, temperatures, time intervals, etc., are automatically collected. This has become 
worthwhile primarily after the advent of digital systems because the same data acqui_ 
sition systems can easily process the observations to yield secondary results. whik 
this was earlier done by either magnetic tape or disc hook-up with digital computer, 
the availability of microprocessors has enabled one to get simple dedicated units, Whi ch 
can perform the required tasks without worrying about the spectrum of activities possible 
in a large computer. 

We shall discuss some examples of recently developed automatic calorimeter systems, 
starting with the adiabatic calorimeters. Gopal and co-workers 2"a4  developed a 
system, where the sample and shield temperature are automatically controlled. Also, 
there is provision for the system to be hooked up to a large scale computer system 
for data acquisition and analysis. This system works in the 200-400 K regime and has 
a very good temperature stability, enabling the system to be used near phase transi- 
tions. Similar systems have been described by Avidsson et al 266 , Bohmhammel et alst, 
Gereev a all", and Gmelin and Rodhammer 268 . The general control block diagram for 
this system is found in fig. 15. The automatic systems are capable of operation up to 
800 K as with the regular adiabatic systems. 

Shield heater 

so,* 

1 	I  Thermometer 	Lileater I 	I 

LI .111 
Thermome t er I 

Stand. Resistor I 	I 	I Stand. Resistor 

Current Source 	1 I Progrcmmabk 
Cur rent Source 

DATA HIGOOMY 
TO 

pDP 11120 

OA 	 I 	0 VM 	Ilnput /Output I 	Preset 	I Mult;plexer 	 Clock Convertor 	 Interface 	Register 	Counter Transceiver 
Crate 

Controller 

1-1 Shield control, 	[ 	D VM V 
NEXT EXPERIMENT 

Flo. 15. Block diagram of electronic system for automated adiabatic calorimetry (Ref. 258). 
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The ac. calorimeter has also been recently integrated for complete automatic opera- 
tion_ Rade and Ringelmann" 9  describe an ac. calorimeter with provision for conti- 
nuous  ret.-ording of C, data. A computer controlled a.c. calorimeter is described by 
Reda and lshikawa 4 '. These systems are capable of 1% accuracies over the tempe- 
rature range up to 1000 K. As already mentioned, the C, data in the pulse propaga- 
ti on method is evaluated from the plot of the change of temperature with time. Filler 
et aim lune developed a system with provision for multichannel analysis of data to assist 
in the reduction of errors and large scale computer interface for direct data analysis. 
This system is used for C, measurements on thin film samples down to liquid helium 
temperatures. YoshisNa and 1watam 1  developed an automatic system with a plane 
heater. The plane source is sandwiched between sample discs and heated with a conti- 
nuous politer input. The temperatures at several points in the sample are monitored 
automatically and C, is evaluated. This system is developed for the study of cryo- 
genic construction materials in the 4-300 K temperature range. A system based on the 
pulse relaxation method has been recently developed by Griffling and Shivashankar 263 . 
The DSC and the Tian-Calvet systems are, by nature, systems with some amount of 
automatic control. Even here, a microcomputer control has been recently developed 
for:n4.7easing the accuracies in enthalpy measurement 2". 

A detailed analysis of the utilization of computer systems for data reduction and 
twines is provided by Koski and NicVey'€5. They have discussed in detail, how a 
large vnlr computer system used for complex calculations and dedicated microcomputer 
Systems may lx effectively used in combination for improving the accuracy of the data. 
They giNie an example of a system based on the transient pulse method for measuring 
both heat capacities and thermal conductivities. 

Another very interesting system has been developed by Cezairliyan and co-workers. 
The bask system developed some time backt" has undergone a process of improve- 

ment recently 7-- = 7*. This system can simultaneously measure the heat capacity, 

electrical resistivity and thermal emittance of electrically conducting samples in the 

temperature range of 1200-3000 K. A pulse of 2000 A DC current is passed for less 

than one second during which time more than 1200 measurements of sample temperature 

(using a high speed photoelectric pyrometer), sample dimension and expansion (using 

a He-Ne laser in the configuration of a Michelson interferometer) as well as the power 

absorbed in the sample are recorded. These are analyzed for producing C, data. There 

are attempts to reduce the time of experiment to less than a few micro seconds and 

to take more than 104  data points per second. The block diagram and sample arrange- ,  

meat of a similar system developed by Righini and Rossonm" is shown in fig. 16. 

The number of computer-bawd systems is continuously increasing and newer systems 
are discussed by several workers. In addition to the adiabatic calorimeters discussed 

by Lanchester and Rakers", Joseph et aP 72  and Cash a am, a new calorimeter based 

" the 
method of mixtures using new types of thermal detectors has been described by 

Hatem et al 274  for evaluating enthalpies in the temperature range 1000-14000C. 
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Eta. 16a. 	Schematic representation of thc speci- 
men during a pulse experiment (Ref. 268). 

FIG. 161'. Block diagram of the experimental 
apparatus for measurements by the pulse tech- 
nique (Ref. 268). 

One of the major reasons for developing automated systems is to reduce errors and to 
standardize the systems. Thus the major progress in traditional methods of measure. 
meat has been in this direction. The systems developed by Martin and co-workers are 
examples 241-th of this. Here, the major emphasis is on the reduction of human errors 
and the development of samples to be used as calibration standards. Another line of 
activity is in general physico-chemical property measurements. The results obtained 
using the computerized adiabatic system of Williams et al 275  is an example. They 
have measured the heat capacity of chromium near the Neel point and have shown 
the effect of impurities and cold work (see fig. 17) 275. Another interesting lint of wor k  
is the measurements of Cezairliyan and co-workers at very high temperatures. Here 
the computerized system is perhaps the only way reliable data can be obtained. 
Measurements up to 3500 K both for C, evaluations and for phase trancformatuon 
studies of refractory metals and alloys are reported 276-277 . Figure 18 indicates some of 
the results obtained.  

While only a few examples are given in this sub-section, it will be realized that auto- 
mation has become an integral part of almost every modern measurement process... 
With the ready availability of minicomputers and microprocessors, which can be (kith 
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FtG. 17. 	The temperature variation of the specific heat of chromium in the vicinity of the Niet 
transition : 	.4. annealed at 90(r C; 	B, rolled; 	C, annealed at 600 0 C and D, swaged (for clarity, 
curves have ben displaced verttcally and exper:mental point!, arc not shown) (Rcf. 275). 

cated to one use and yet retain general purpose capabilities, it is likely that this trend 
would continue. The 'heroic' calorimetric investigations up to the fifties, when point- 
to-point data had to be patiently and laboriously collected over many days, would become 
dim memories. 

7. Conclusions 

The recent developments in calorimetric techniques have been mainly in two direc- 
tions : (1) reduction of sample size requirements and complexity of experiments and 
(2) development of newer methods for work under extreme conditions of temperature 
and pressure. In general, the transient methods, having the advantages of simplicity 
in systems, small sample utilization and ability to work at extreme conditions, have 
become very popular. The DSC as well as some versions of the Tian-Calvet micro- 
calorimeter, which are commercially available, have enabled the massive diversification 
(II catorimetry into such fields as 
classical methods continue to be ( 
herein major improvements have 
The classical methods are capable 
in areas like the determination of 
phases of various materials 278 . 

materials researcn ant.' uitnitcuittai ciputitticina. asw 

)f extreme importance in several fields of activity and 
been in automation of data acquisition and control. 
of high absolute accuracy and so they reign supreme 
the thermodynamic reference data of the equilibrium 
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FM. 18. 	The variation of specific heats of various 	refractory metallic alloys at high temperaturn. 
(A) Tai, W. 94 , 	(B) Ta. Th  W. 1, Nb. 80 , 	(C) Nb. pg  Zr.oL . 	(Ref. 277). 

Calorimetry is one of the old traditional experimental techniques in physico-chernical 
investigations, it appeared by the 1950-60 period, that the techniques are well estab- 
lished and that progress would be largely in applying well established principles. How- 
ever, history has a way of providing the unexpected. A flood of newer experimental 
techniques started to appear by the late sixties and one is seeing a resurgence of newer 
techniques and their application to investigations which were not easily possible using 
the older techniques. Information about the specific heat exponents near critical phase 
transitions and about the heat capacity behaviour under unusual environmental condi- 
tions are examples of such recent investigations. There is no doubt that the wealth of 

new information would continue to grow. For example, one may point out some 
unusual features of the recent techniques which have not been exploited till now- IsO st  
of the measurements on biological materials have been in vitro observations so far. The' 
a.c. and other methods do not require any isolation of the sample and one may be able 
to perform in vivo measurements. This type of information on the enthalpy and other 
changes is likely to be of great significance in biological and biochemical investigations. 
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The major task of the present review has been to discuss the developmeats in experi- 
mental techniques of measurements. The associated question of the new results emerg- 
ing out of such advances in techniques is obviously of considerable importance. The 
matter is discussed separately"" 20O, 
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Nomenclature 

C, 	— Specific heat at constant pressure 
Cl, 	— Specific heat at constant volume 

— Entropy 
Gibb's Free Energy 

If 	Enthalpy 
- Co efficient of volume expansion 
--I- Isothermal compressibility 
— Volume 

P — Pressure 
7 — Partition function 
TI  — Critical temperature 
a — Critical exponent 
k 

— Thermal conductivity 
p --• Density 
T -• Relaxation time 
K 

— Thermal diffusivity 
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