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The technique of temperature waves to measure the complex thermophysical characteristics 
of materials has been proposed. The relations for the moduli and arguments of these character- 
istics for the case of plane temperature waves have been calculated. The temperature depen- 
dences of the moduli and arguments of complex thermophysical characteristics of 
polyvinylacetate (PVAc) at different frequencies and also the temperature dependences of its 
vibrational and eonfigurational heat capacities have been determined. It has been shown that 
the vibrational heat capacity of PVAc in the region of softening grows sharply and its configu- 
rational heat capacity goes through a peak. The segmental mobility has been found to affect the 
heat transfer in the polymer in an ambivalent way causing both a decrease and increase of ther- 
mal conductivity. 
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It is known [ 1 ] that a change in the heat capacity of polymers in the glass tran- 
sition region (a 'jump' of heat capacity) is caused by their vibrational and config- 
urational heat capacities. The configurational capacity is the sum of the hole and 
conformational heat capacities and is associated with segmental mobility. Finding 
out the temperature dependences of the vibrational and configurational heat ca- 
pacities is a complicated theoretical and experimental problem which has not yet 
been solved. 

For this reason, there is no correct definition for the relation between the con- 
tributions of these components to the jump of heat capacity. 

The role of segmental mobility in heat transfer remains even less clear. The 
data on the temperature dependence of thermal conductivity in the region o f  soft- 
ening given in the literature are highly contradictory [2-6] .The studies of thermal 
conductivity employ mainly stationary techniques, but unfortunately these tech- 
niques give little information on the role of segmental mobility (fluctuational dy- 

John Wiley & Sons, Limited, Chichester 

Akad~miai Kiadt, Budapest 



1 1 4 0  POLIKARPOV, SLUTSKER: THERMOPHYSICAL PROPERTIES 

namics of molecules) in heat transfer. At the same time, the nonstationary tech- 
niques give typically erroneous data [7-9], because their theory does not take into 
account the time dependences of the thermophysical characteristics. 

Hence, further studies of heat capacity and thermal conductivity of polymers 
in the glass transition region are required. 

It is most attractive to study the laws of heat transfer and absorption associ- 
ated with the fluctuational (configurational) dynamics of macromolecules by 
using harmonic temperature oscillations [10]. However, the AC calorimeters used 
for this purpose are not effective. They are unable to define all complex thermo- 
physical characteristics (CTPC) and have shortcomings which impede the mea- 
surements and lower the accuracy of determination of the complex heat capacity. 

In this paper we discuss the applicability of the techniqueof plane tempera- 
ture waves for measuring CTPC (complex thermal diffusivity a =ao.expj ~ ,  com- 
plex thermal activity b --bo.expj bo, complex thermal conductivity ~, --g~.expj 8x, 
and complex heat capacity per unit volume C'=Co.expj 8c) associated with seg- 
mental mobility in polymers. The major advantages offered by this technique 
were listed in [11-13]. In addition, this technique allows the dependences of 
CTPC on temperature and frequency of temperature oscillations to be readily ob- 
tained. It can also be used to reveal the variations of CTPC during annealing, 
glass transition or softening, crystallization or melting, to distinguish between the 
influence of nonlinear and hereditary effects on CTPC, and to study the thermal 
relaxation processes near the equilibrium state. An undoubtful advantage of this 
technique is also the possibility to use the linear theory of thermal conductivity 
for the determination of CTPC in the phase and relaxation transition regions, be- 
cause the amplitudes of temperature oscillations can be made fairly small. 

Theoretical relations 

For this work, the theory of the technique of plane temperature waves was de- 
veloped. It has been assumed that the velocity of heat transfer is finite [14, 15], 
and the thermophysical characteristics can be complex-values. As a result the re- 
lations were found for a steady-state harmonic process for three most preferential 
measuring units (Fig. 1). 

For instance, from the solution of a one-dimensional uniform linear problem 
of thermal conductivity for propagation of plane temperature waves in an iso- 
tropic semi-infinite solid (Fig. la), the expressions calculated for modulus ao and 
argument (phase) ~h of complex temperature conductivity are 

c~ (1) 
ao = In 2 ( 02/01 ) + 92 ' 
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n 9 ] (2) 
8a = ~ -  2.arctan [ In ( 02/01 ) 

where co is the circular frequency of temperature oscillations, 02 and 01 are the 
amplitudes of temperature oscillations on the input surface and at depth h of a 
semi-infinite body, respectively, and q~ is the phase shift between these oscilla- 
tions. 

a) b) c) 
Fig. 1 Measuring units and harmonic temperature oscillations in different cross sections, 

1 - sample under study, 2 - reference material 

The semi-infinite solid is a body in which the plane wave almost fully decays 
at the distance equal to its length. The distance LN at which the amplitude of the 
temperature wave decreases by a factor of N will be given by 

InN 
LN = qO/ao "cos ( 7t/4 - ~ / 2  ) 

In case of complex thermal diffusivity, the effect of heat exchange through the 
lateral surface of the sample on its value cannot be taken into account by using 
expressions from [11]. Therefore, we have derived the relation ao/cos ~ =  (oh2/ 
[29 In (82 / (]1)]. If the relation is satisfied, the heat exchange may be neglected, 
and, hence, expressions (1) and (2) are applicable for the calculation of complex 
thermal diffusivity. 

The advantage offered by the measuring unit shown in Fig. la is the possibil- 
ity to analyze easily the relationship between the complex thermophysical charac- 
teristics being determined and the values measured. 

For the determination of all CTPCs, the relative method of plane temperature 
waves, which is superior in many respects to the absolute method, is most suitable 
[12]. Figure lb shows schematically the measuring unit used for definition of all 
CTPCs. The unit consists of a semi-infinite body under test, which is in thermal 
contact with a reference infinite plate. On the lower surface of the plate harmonic 
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temperature oscillations with amplitude 03 are generated. In this case CTPC is 
calculated from expressions (1) and (2), and also from 

(03 ~expj cosh "4jtO/ar br[.02_[~) ~/-- ( -d)] 
b* = sinh ( "4j ~ / a r ' d  ) ' (3) 

X* =b*~la* and C* =b* / a ~  (4) 

where j =,fZ~-, ar and br are thermal diffusivity and thermal activity of the refer- 
ence material, respectively, d is the reference plate thickness, and ~ is the phase 
shift between the temperature oscillations with amplitudes 03 and 02. 

For both measuring units considered above a semi-infinite body (L - 30- 
50 mm) prepared of the material to be studied is r The same holds for the 
unit shown in Fig. lc. In this the sample in the form of a thin plate is placed be- 
tween the reference semi-infinite body and the reference plate and is brought into 
thermal contact with them. On the opposite surface of the reference plate, har- 
monic temperature oscillations with amplitude 03 are generated. The calculated 
expressions in this case are given by 

(03/02).(expj V) - cosh (~/j r 
(b*) 2 = b2.{ (02/01).(expj ~)" sinh ('4j to/a~.c o - 1 

(02/01)2.(expj 2~) - 1 

(Ov/01).(expj 9).{(b*/bO + 
[ (03/02).(expj ~) - cosh(qj to~at.d) ] 

sinh(qj to~at.d) } 
(b*/br) + 1 

(5) 

(6) 

where 02 and 0t are the amplitudes of temperature oscillations on the surfaces of 
the plate of thickness h. 

The analysis of expressions (3)-(6) has shown that to obtain the highest accu- 
racy in definition of CTPs, it is necessary that br-<lb*l and 

I tan h ( ~ 7 ~ . h )  I = I tan h ('ffo~/a,d) I ~- 1 
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Experimental 

Apparatus 

To measure CTPCs in the temperature range 80 K-450 K at frequencies from 
10 -3 Hz to 1 Hz, an automated setup based on the relative method of plane tem- 
perature waves was developed. The setup measured the moduli and arguments of 
CTPCs with mean-square errors less than 2% and 0.01 rad, respectively. The high 
accuracy was achieved by applying the methods described in [16, 17] which 
allow for the effect of monotonously varying the average levels of harmonic in- 
fralow frequency signals on the accuracy of defining the amplitudes and phase 
differences between these signals. In addition, the setup allowed the thermophysi- 
cal characteristics to be defined for different amplitudes of the alternating compo- 
nent of temperature. 

The harmonic temperature oscillations were produced by the generator of tem- 
perature oscillations. The generator was an electronic monitoring system. The 
source of plane temperature waves was a law-inertia plane ohmic heater. The gen- 
erator of temperature oscillations produced harmonic variations with nonlinear 
distortions less than 3% and amplitude from 0.05 K to 5 K in the frequency range 
from 10 -3 Hz to 1 Hz on the surface of the sample or reference plate (depending 
on the type of the measuring unit). The nonuniformity of the temperature field on 
the entire surface did not exceed 2% in this case. 

The amplitudes of the harmonic temperature oscillations on the surface of the 
reference plate and the plate under study, and also the phase differences between 
these oscillations were measured by differential manganin-constantan thermo- 
couples and a computer assisted data acquisition and measuring system [18, 19]. 
The CTPCs were computed from expressions (1)-(4) or (5) and (6), depending on 
the type of the measuring unit. The results of measurements and calculations were 
fed to the printer or plotter. 

Objects 

We studied the thermophysical properties of polyvinylacetate (PVAc) with 
M =120 000, density 1 120 kg/m 3 (at 293 K), and Tc =301 K determined by the 
penetration technique. The studies were carried out in the temperature range 280- 
340 K. In this temperature range, PVAc which is a typical amorphous polymer, 
passes from the glassy to the rubber-elastic state. As known, the transition is ac- 
companied by an intensive unfreezing of the segmental mobility. For comparison, 
the thermophysical properties of ebonite, which is a tightly cross-linked polymer, 
were also studied. At the temperatures mentioned abov e , ebonite does not exhibit 
segmental mobility [20]. The moduli and arguments of the complex thermophysi- 
cal characteristics were measuJred during continuous heating of the sample at a 
rate of 2-3 K/hour at 0.5-1 K intervals. 
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Results and discussions 

The experiments have shown that the thermophysical characteristics of ebon- 
ite are independent of the frequency of temperature oscillations and the argu- 
ments of these characteristics are zero. Thus, the thermophysical characteristics 
of ebonite are real-valued, This indicated that the thermal relaxation processes as- 
sociated with segmental mobility are indeed absent in ebonite in the temperature 
range studied. The measured temperature dependences of the heat capacity and 
thermal conductivity of ebonite are shown in Fig. 2. Note that they are in good 
agreement with the data reported in literature [21]. 

7 7  1.~ 
�9 , r  , e "  

<, 

v 

1.4 I I I i,- 
28( 300  3 2 0  340  

T/K 
Fig. 2 Temperature dependence of the heat capacity (1) and thermal conductivity (2) for 

ebonite 

These dependences exhibit quite a different behaviour for PVAc (Figs 3, 4). 
For instance, modulus Co of the complex heat capacity in the region of softening 
increases sharply with increasing temperature and its magnitude depends on the 
frequency of temperature oscillations. At the same time, the magnitude of the 
modulus ACo jump observed during the polymer transition from the glassy to the 
rubber-elastic state is almost independent of the frequency of temperature oscilla- 
tions. The magnitude of ACo is about 0.63 MJ/(m3K) and is in a good agreement 
with the data reported in [8], and also with the values obtained by a differential 
scanning microcalorimeter. It is also shown by Fig. 3 that the argument of the 
complex heat capacity in the region of softening has nonzero magnitudes and de- 
pends on the frequency of temperature oscillations. In addition, the argument val- 
ues are negative in this case, and, therefore, the variations in the enthalpy of the 
steady-state harmonic process lag in phase behind the temperature oscillations. 
This is attributable to the fact that the enthalpy of the polymer is associated not 
only with the vibrational modes, but also with segmental mobility. 

From the dependences shown in Fig. 3, using the relation 
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C* = Co.expj ~c= Cvib + Ccon.(l ? J ~ ) (cox) 2 
(7) 

the temperature dependences of the vibrational Cvib and configurational C,o ,  heat 
capacities and also of the relaxation time (Fig. 5) were obtained for PVAc. Rela- 
tion (7) was obtained using the equivalent circuit of heat capacity of a polymer 
proposed in [10]. I t  was assumed there that Crib, Coon and x are functions of the 
temperature alone and are independent of the frequency of temperature oscilla- 
tions f =  r 
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Fig. 3 Temperature dependence of the modulus Co (a) and argument 5c (b) of the complex 
heat capacity of PVAe for different frequencies of temperature oscillation: 
1 - 0.01; 2 - - 0 . 1  Hz 

It is seen from Fig. 5 that the vibrational heat capacity of PVAc in the region 
of softening grows markedly (by - 40%), and its configurational heat capacity 
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goes through a peak. At T< Tg, the segmental mobility manifests itself only 
slightly and therefore Coon associated with it is close to zero. With unfreezing of 
the segmental mobility, Coon begins to grow. Its growth is due both to an increase 
of the free volume (of the number of holes), and an increase of the fraction of seg- 
ments that are in high-energy (gauche) state. The growth is observed up to tem- 
perature Tm which corresponds to the largest difference between the number of 
transitions of segments from the low-energy (trans-) to high-energy state and 
back. It should be noted that the obtained maximum Coon is close to the conforma- 
tional heat capacity found experimentally for an individual macromolecule [22]. 

T 0 . 2 2 ~  
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Fig. 4 Temperature dependence of the modulus ~ (a) and argument 5"~ (b) of the complex 
thermal conductivity of PVAe for different frequencies of temperature oscillation: 
1 - 0.01; 2 - 0 . 1  H z  

A sharp increase of the polymer vibrational heat capacity (which is a sum of 
the interchain C~,ib and intrachain C~,'ib vibrational heat capacities) in the region of 
softening is a new and somewhat unexpected fact. It can be assumed that the ob- 
served growth is attributable primarily to the increase of the interchain vibra- 
tional heat capacity. This hypothesis is confirmed both by the rough estimates 
(Fig. 5) and by the measurements of the thermodynamic (macroscopic) ~ and in- 
termolecular ~i coefficients of thermal linear expansion of PVAc carried out by 
dilatometric and X-ray diffraction techniqueS, respectively, [23]. The measure- 
ments revealed that in the region of polymer softening ~i grows sharper than 13t, 
and the ratio 13i/~ -- 5-6. 
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Fig. $ Temperature dependence of the vibrational (1) and configurational (2) heat capacities, 
and of the relaxation time (3) for PVAc. C~'ib and C'vib are variations of the intrachain 
and interchain vibrational heat capacities in the glass transition region 

Figure 5 also shows that the relaxation time increases sharply with decreasing 
temperature and reaches at Tg the typical value of 100 s. From this figure we can 
estimate the contributions of Crib and Coon to the jump of the modulus of the com- 
plex heat capacity and also the effective activation energy for the slructural relax- 
ation process. 

The temperature dependences of the modulus ~ and argument 8~ of the com- 
plex thermal conductivity (Fig. 4) in the glass transition region exhibit a more 
complicated behaviour than the temperature dependences of Co and &. For in- 
stance, the sign of 8~ depends on the temperature and its temperature dependence 
has not only a minimum, as for 8o, but also a maximum. In the region of softening, 
2~ and & depend on the frequency of temperature oscillations. Specifically, an in- 
crease of frequency by an order of magnitude gives rise to a 10% growth of ~ at 
310 K and also to a displacement of the extrema of 8~ and ~ by 5-8 K towards 
higher temperatures. Thus the obtained temperature dependences at different tem- 
perature oscillation frequencies show that the segmental mobility affects the heat 
transfer in polymers, causing both an increase and decrease of the modulus of 
complex thermal conductivity. The resulting effect depends both on the absolute 
temperature and frequency of temperature oscillations. Such an ambivalent effect 
of the segmental mobility on the heat transfer is apparently due to the following 
reasons. First of all, the unfreezing of segmental mobility leads to an increase of 
the free volume, and thus the energy exchange between neighbouring molecules 
is inhibited. However, the intensity of the fluctuational motion of macromolecu- 
lar segments grows in this case, and additional channel for heat transfer can ap- 
pear. Special studies are necessary to understand better the mechanism of the 
thermal conductivity of polymers. For instance, the segmental mobility can be in- 
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tentionally varied by modifying the polymer under study, i.e. by changing the mo- 
lecular weight of the polymer or by introducing a plasticizer. 

Thus, the use of the temperature wave technique for studying the complex 
thermophysical characteristics of the polymer allowed the determination of the 
temperature dependences of its vibrational and configurational heat capacities 
and estimation of the contributions of these heat capacities to the jump of the 
modulus of complex heat capacity observed during the polymer transition from 
the glassy to the rubber-elastic state. The studies also revealed the relaxation na- 
ture of heat transfer in polymers. 
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Z u s a m m e n f a s s u n g -  Zur Bestimmung der komplexen thermophysischen Eigenschaften von 
Stoffen wurde eine TemperaturweUentechnik vorgeschlagen. Ftir den Fall zweidimensionaler 
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Temperatur-wellen wurden die Verh~ltnisse von Moduli und Argumenten dieser Eigenschaften 
bereehnet. Die Tempcraturabh~ingigkeit yon Moduli und Argumenten der komplexen the- 
rmophysischen Eigen-schaften von Polyvinylacctat (PVAe) bei versehiedenen Frequenzen und 
auch die Temperatur-abMingigkeit seiner Vibrations- und Konfigurations-Warmekapazit~iten 
wurden bestimmt. Es wurde gezeigt, dal~ die Vibrations-Warmekapazitat yon PVAc im 
Erweichungsbereich scharf zunimmt und die Konfigurations-W~mekapazit~t durch eincn Peak 
geM. Man fand, dab die Scgment-Mobilit~t den W~metransport im Polymer auf eine 
ambivalente Weise beeinflu6t, in dcm die Wiirmclcit-fiihigkcit entweder gesenkt oder an- 
gehoben wird. 
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