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In the framework of linear viscoelasticity, the 
stress relaxation curve as a function of time re
presents the so-called relaxation spectrum to the 
first approximation and provides direct infor
mation on the distribution of various relaxation 
mechanisms in test material. This feature will 
not be greatly altered in the study of nonlinear 
viscoelasticity of polymer solutions. Studies of 
stress relaxation of solutions under large strain 
should provide important information on the 
nature of nonlinear viscoelastic phenomena. 

A few measurements have been taken on the 
stress relaxation of polymer solutions. 1 •2 How
ever they were all confined to a range of rela
tively small values of strains because of the 
limited capacity of the apparatus used. Thus, 
in this series of studies, we devised a new 
apparatus for measuring the relaxation modulus 
of polymer solutions under large torsional shear, 
and carried out systematic measurements on 
polystyrene solutions in chlorinated diphenyl, 
varying the strain, temperature, polymer molec
ular weight, and concentration. This communi
cation presents a typical result obtained for the 
effect of strain on the relaxation modulus. 

The apparatus is of the cone-plate type, a 
sample being held in a gap between the upper 
cone and lower plate. The cone is suspended 
with a steel torsion wire from a stationary stay. 
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To measure the relaxation modulus G(t) of the 
sample, the lower plate is rotated almost in
stantaneously to a given angle 19 and remains 
set there during the taking of stress-relaxation 
measurements. The rigidity of the sample causes 
rotation of the cone which is recorded by a 
transducer. If the torsion wire is suitably chosen, 
the rotated angle (} of the cone is kept negligibly 
small compared with that of the plate 19, and 
the relaxation modulus G(t) can be evaluated 
by the equation, 

G(t) =(3k<jJ/2rrR319) fJ(t) ( 1 ) 

where k is the torsional coefficient of the steel 
wire, R is the radius of the plate, and <jJ is the 
angle between the cone and plate. Details of 
the apparatus used will be published elsewhere. 3 

The measurable range of G(t) was from 106 to 
10-1 dyn/cm2 • 

A series of measurements were made on a 
20-% solution of narrow-distribution polystyrene 
in chlorinated diphenyl at 33.5°C under various 
magnitudes of strain. The weight-average 
molecular weight of the polymer was 1.80 x 106 

and its ratio to the number-average molecular 
weight was 1.25. Figure 1 shows the stress re
laxation curves obtained under various strains. 
Under strains of 0.41 and 1.87 units, the relaxa
tion curves were in agreement with each other 
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Figure 1. Stress relaxation :curves for a 20-% 
solution of narrow-distribution polystyrene in 
chlorinated diphenyl (Aroclor 1248). The values 
of strain: open circles without pip, 0.41; pip up, 
1.87; pips with directions of successive clockwise 
45° rotations correspond to 3.34, 5.22, 6.68, 10.0, 
13.4, 18.7, and 25.4 in the strain unit, respectively. 
Black circles represent the values of G(t) calculat
ed from our previous data of linear creep measure
ments. 

and they were consistent with the values con
verted from our previous data on creep com
pliance. 4 In other words, these strain values were 
in the linear range of viscoelasticity. 

As the strain was increased beyond about 2 
strain units, the relaxation moduli became strain
dependent, but the terminal relaxation time re
mained unaffected. All relaxation curves retained 
the same shape in the region of relatively long 
time scale and they were able to be superimposed 
on a single curve by making vertical shifts alone. 
Figure 2 illustrates this statement, where the 
relaxation curve for the strain of 1.87 units 
was chosen as the reference. On the other hand, 
in the region of relatively short time scale, each 
relaxation curve displayed an upward turn at 
an almost constant time scale "k· 

The effect of strain on the relaxation modulus 
may be conveniently characterized by the verti
cal shift which was made in Figure 2. The 
value of G(t)/Go(t) was found to be related to 
the first invariant of the strain tensor, ID, in 
terms of the following equation: 
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Figure 2. Effect of the strain on the shape of the 
relaxation curve. Symbols are the same as in 
Figure 1. 
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Figure 3. The vertical shift factor, G(t)/G0(t), 

plotted against the first invariance of the strain 
tensor, lD/lDO. 

G(t)/Go(t)=K(ID/IDO)o.sa ( 2) 

Here K is a constant and the subscript O attached 
to G and ID denotes the values for the reference 
strain. Figure 3 illustrates this finding. 

551 



Y. ErNAGA, K. OSAKI, M. KuRATA, s. KIMURA and M. TAMURA 

The effects of polymer molecular weight, con
centration and temperature on the relaxation 
modulus will be discussed in later communi
cations. 
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