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Temperature dependence of viscoelastic properties of glassy polymers is reviewed. 
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Since the relaxation time values of polymers vary widely, the following expressions 
describe the components of the complex dynamic modulus of elasticity’: 

where G‘ is modulus of elasticity, G the loss modulus, o the frequency, 7, the 
relaxation time of ith process, and N is the number of events of mechanical relax- 
ation in a polymer. C, values for vitreous state depend upon the system of inter- 
actions in the polymer which is broken when the re-ordering of ith sort takes place. 

Because of asymmetry of the interaction potential functions (anharmonicity), 
the components of GI vary with temperature, as does the relaxation time 7,. There- 
fore we can expect that in the following two ways the elasticity of glassy polymers 
shall be changed: 

1. The modification of relaxation time spectrum (molecular mobility). As a 
result, the number of the terms in (1) such that w ~ J 1  + W ’ T ~  1 is changed. 

2. The temperature dependence of power characteristics C,(7‘). It is very difficult 
to distinguish these two mechanisms on the level of each relaxation process. There- 
fore a number of assumptions have been made in the analysis of viscoelasticity 
temperature dependence. On the first stage it is assumed that the temperature 
dependence of GI is weak. Under this condition, according to the calculations2 the 
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temperature dependences of the components of the complex elasticity modulus 
relate as follows: 

2a, G 
-AG> = G'(Tl)  - G'(T,) = ; jTi T dT 

or, since G/G'  = tan 6, 

- A In G: = In C'( Tl)/G'( TJ = - 2ao 1; dT 
7T 

(3) 

(4) 

with the parameter a, = - (d In -ri/d In T), expressing the temperature dependence 
of the processes for which 07; undergo the transition between Tl and T2. The 
expressions ( 3 )  and (4) resemble Staverman-Schwarzl relations3 for the frequency 
dependence of modulus components. The temperature dependence of elasticity 
modulus is directly related to the polymer relaxation spectrum, and it may be 
reduced from (3) and (4). 

For the polymers with pronounced relaxation transitions, the values of a, at 
different temperature rates may be determined. In this case, the transitions may 
be regarded as the datum marks which provide a picture of the temperature be- 
havior of relaxation time in different spectral ranges. In the vicinity of this or  that 
most probable relaxation process the parameter a, = a,, (i - a, p, y . . . processes) 
becomes 

( 5 )  
1 d In vimax Poi a, = a,; = - (: I :: >) - - d ~n vimax - - -  = In- 

d In T Td(1IT) V 

Hence, a, is a Y-intercept of the line tangent to In vimax(l/T) curve at y = In v ( v  
is the frequency of the measurement). The a,; values obtained from the relaxation 
transition maps for a number of polymers4-'0 at v = 1 Hz are shown in Figure 1 .  
One can see that aOi = const = 30 at low temperatures where the temperature 
dependence of relaxation time may be simply described as an exponent. A s  the 
glass transition temperature is approached, the temperature dependence of relax- 
ation time of the co-operative processes is becoming much more complicated, and 
hence a, sharply increases. 

To examine the equations obtained, the dynamic properties of the three linear 
polymers have been measured: poly( methyl-methylacrylate) (PMMA),  
poly(cyclohexylmethacry1ate) (PCHMA), and poly(styrene) (PS). The measure- 
ments were taken on a torsion pendulum at 1 Hz in the temperature range from 
100 K to Tg. The measured values of shear modulus G' and tan 6 are presented 
in Figure 2. This diagram also shows the temperature dependence of G' calculated 
according to (4). Apparently, the calculated values appreciably differ from those 
experimentally obtained, with the discrepancy being especially great in the case of 
PS, and being smallest in the case of PCHMA. The reason for this becomes clear 
as soon as the sizable difference between the internal friction spectra of the in- 
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FIGURE 1 
PVC. 

Temperature dependence of a. at 1 Hz. 1 = PMMA, 2 = PS, 3 = PCHMA and 4 = 

vestigated polymers is taken into account. Indeed, in the case of PS, where damping 
is very small, molecular mobility is responsible for just 25% of the total tem2er- 
ature-induced variation of the modulus, while for PMMA and PCHMA, both 
notable for their secondary transitions, this contribution amounts to 50 and 65%, 
respectively. 

The next order of approximation deals with the temperature dependence of G,. 
We assume that it is uniform for all i: 

- --  d In G, - aC, - aG; Gi = Gio exp (-lor ac d T )  d T  

This assumption is accurate if the components G, are formed by the sufficiently 
great number of similar bonds (in our case, the weak intermolecular bonds). Then 
aG, is the average temperature coefficient over all bonds, and it would not sub- 
stantially differ from the macroscopic ac. 

From (1, 2, 4, 6) follows the expression for the differential change in elasticity 
modulus with temperature: 

The first term accounts for the temperature dependence determined by various 
relaxation processes, and the second term describes the contribution of the inter- 
action temperature dependence. 
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FIGURE 2 Temperature dependence of shear modulus and tan 6 (curve 3) at 1 Hz: a = PMMA, b 
= PS and c = PCHMA. The series 1 were calculated according to Equation (4); the series 2 were 
calculated according to Equation (7). Dots stand for the measured values. 

In the limit of o + m the relaxation processes do not influence the elasticity 
modulus. Therefore by measuring the modulus under the highest possible fre- 
quencies over a wide temperature range one can evaluate the second term in (7). 

In this work, the acoustic properties of the polymers have been investigated with 
a technique described in earlier work," which is based on Mandelstam-Brillouin 
scattering. This technique allows for measurement of the hypersonic velocity at u 
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FIGURE 3 Temperature behavior of hypersonic velocity (1) and fractional volume modification (2): 
a = PMMA, b = PCHMA and c = PS. 

-- 1 O 1 O  Hz. Figure 3 shows the temperature dependence of the hypersonic wave 
velocity. As shown, the dependence is strong, and therefore a similar relationship 
holds for the elastic constants of the glassy polymers. The dependence may be 
regarded as a series of line segments with distinct ‘bend’ temperatures. Similar 
behavior of glassy polymers has been observed before12J3 in the ultrasonic mea- 
surements in the frequency range of lo6 Hz. The ‘transition’ temperatures thus 
obtained are in good agreement with those obtained here with the hypersonic 
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measurements. Since there is no frequency shift, it is natural to suppose that the 
modifications of the vitreous polymer structure play the most important part in 
this type of ‘transition’. Therefore the temperature dependence of volume AV/V 
(7‘) is likely to have the same sort of singularities as V,(T). Figure 3 also presents 
the thermal extension curves of the polymers. the typical temperatures of these 
curves are in satisfactory agreement with those corresponding to the ‘bends’ of the 
hypersound temperature dependence. 

The second term in (7) may be evaluated as follows: 

After the appropriate substitution, the temperature dependence of elasticity mod- 
ulus of the polymers was calculated anew. Figure 3 exhibits the good agreement 
of the calculated and measured results. 

Thus, the analysis performed adequately provides both qualitative and quanti- 
tative description of the temperature dependence of the elasticity modulus of glassy 
polymers‘, Equation (7) explicitly shows the role played by the two mechanisms 
responsible for this dependence, namely the molecular mobility of the relaxation 
processes and anharmonity. Presumably, their respective contributions would vary 
for different polymers and experimental environment. 

In conclusion, let us make a few remarks on the problem of temperature/fre- 
quency correlation (TFC) of the viscoelastic properties of glassy polymers. To solve 
it successfully, first the contribution arising from the relaxation spectrum of the 

0 I I 1 I I I 1 I 

-5 -4 -3 -2 -t L7 t 2 3 4 5 
FIGURE 4 Frequency dependence of shear modulus: 1.2 = PMMA (T = 293 K, 333 K) and 3 = 
PVC (T = 293 K).  Curves and dots stand for the calculated and measured data, respectively. 
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polymer must be reduced in accordance with Equations (3) or  (7). Only then can 
this contribution undergo usual TFC treatment: 

T, - In GoIv2 
T2 In Go/v,’ 

where Go is the mean frequency factor in the temperature range from Tl to T2. 
Note that far from the glass transition point Go = f const = 1013 c-l). Knowledge 
of the temperature behavior of Go is absolutely vital for TFC in the high-temper- 
ature region (closer to Tg),  with the dependence in this case being especially strong. 

Figure 4 shows the calculated frequency dependences of shear modulus of PMMA 
at 291 and 333 K, and poly(vinylch1oride) (PVC) at 293 K. They were obtained 
from the aforementioned TFC expression and the temperature dependence of the 
viscoelastic properties of the materials investigated at 1 Hz. It is evident that over 
a rather wide range of frequencies ( & 4 orders of magnitude) the calculated values 
adequately approximate the measured r e s u l t ~ . ~ ~ J ~  

References 

l’. 1. I .  Perepechko, Acoustic Methods to Investigate Polymers, 295 (1973). 
2. A.  B.  Sinani, V. A. Stepanov and I. I .  Timoshenko, FTT, 25, 2020-2024 (1983). 
3. F. R.  Schwarzl and L. C. E .  Struik. Advan. Mol. Relax. Processes, 1. 201-216 (1968). 
4. T. I .  Borisova and G .  P. Mihailov, Visok. soed.. 1, 563-216 (1959). 
5. J .  Heijboer, Macromol. Chem., 35A, 966-986 (1960). 
6. G. Pazzin and A .  Pagliary. La Chimica e I’lndustr., 48, 458-471 (1966). 
7. Yu. V. Zelenev, Relaxation Phenomena in Polymers, L, Chemistry, 25-34 (1972). 
8. 0. Yano and Y .  Wada, J .  Polym. Sci.-Polym. Phys., 9, 669-685 (1971). 
9. 0. Yano and Y.  Wada, 1. Polym. Sci.-Polym. Phys., 12, 845-862 (1974). 

10. J. Heijboer, L. C.  E. Sruik. H .  A .  Waterman and M. F. van Dijkeren, 1. Macrom. Phys., B5, 

11. A .  B .  Sinani and I. I .  Timoshenko, Journal of Applied Specrroscopy, 36. 212-215 (1982). 
12. I .  I .  Perepechko, Properties of Polymers at Low Temperatures, M, 271 (1977). 
13. Y. Wada and K. Yamamoto, J .  Polym. SOC. Jap.. 11, 887-892 (1956). 
14. J. Koppelman, Reolog. Acta, 1 ,  20-26 (1958). 
15. J .  Koppelman. In: Physics of Non-Crystalline Solids. Amsterdam. 255-269 (1965). 

375-392. D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
0
 
1
9
 
J
a
n
u
a
r
y
 
2
0
1
1


