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ABSTRACT: The tensile stress and the birefringence of polystyrene were measured under elongation at
a constant rate up to the elongation ratio of 4 at 115, 105, and 100 °C. The tensile stress was separated
into two component functions, designated with subscripts R and G, through a modified stress-optical
rule, MSOR, considering the effect of finite extensibility of the polymer chain on the stress dependence
of the stress-optical coefficient. The R component represents the stress attributed to the polymer segment
orientation and the G component to the twist of the polymer chain. At 115 °C, the time dependence of
the viscosity growth function of the two components, ηER

+ and ηEG
+, can be described in the framework

of linear viscoelasticity except for a steep increase of ηER
+ at times longer than 1/(2ε̆), where ε̆ is the rate

of elongation. It is well-known that this type of steep increase is due to the strong increase of strain
measured under elongation at a constant rate. At lower temperatures, ηEG

+ decreased with increasing
strain rate when the rate exceeds 1/1000 of the characteristic relaxation rate of the G component. The
steady value of the elongational viscosity, ηEG(ε̆), at various temperatures supported a master curve when
ηEG(ε̆)/ηEG(0) is plotted against ε̆ aTG, where aTG is the shift factor for the G component determined in
dynamic viscoelastic measurements. On the other hand, ηER

+ is always close to the linear viscoelasticity
except for the steep rise at t > 1/(2ε̆). The relaxation rate of the R component was enhanced in proportion
to ηEG(0)/ηEG(ε̆) when the G component showed thinning. Thus, MSOR analysis simplifies the complicated
nonlinear viscoelastic response of amorphous polymers around the glass transition temperature.

Introduction

When a polymeric material is deformed, birefringence
arises as well as stress. The relation between birefrin-
gence and stress has long been a subject of rheo-optical
studies. For polymer melts and concentrated solutions,
the anisotropic part of the refractive index tensor, n(t),
is proportional to that of the stress tensor, σ(t).1 This
empirical rule is called the stress-optical rule, SOR.
The SOR for tensile deformation can be written as
follows.

Here, ∆n(t) is the birefringence and σ(t) is the tensile
stress. The coefficient of proportionality, C, is called the
stress-optical coefficient.

The validity of the rule has been examined for many
polymeric systems. From a theoretical point of view,
the SOR indicates that the molecular origin of the stress
as well as the birefringence is attributed to the orienta-
tion of the chain. Many molecular theories can predict
the validity of the rule in rubbery or liquid states.2,3

However, the validity of the SOR is limited for two
experimental conditions even if the system is a neat
polymer melt. First, the SOR is not valid at high stress
levels due to the finite extensibility of the chain. In the
case of polystyrene, the linear stress-optical relation
fails if the tensile stress exceeds 2 MPa.4 Second, when
the temperature of the system is close to the glass
transition temperature, Tg, the SOR becomes invalid.
The glassy component of the stress, the molecular origin
of which is not the orientation of flexible chains,
contributes to both the stress and the birefringence.

The contribution of the glassy stress can be quanti-
tatively described with a modified stress-optical rule,
MSOR.5 The MSOR assumes that both the stress and
the birefringence are composed of two component func-
tions and that a rule similar to the ordinary SOR holds
well for each component function. The MSOR for tensile
deformation can be written as follows.

Here, σi(t) is the ith component function (i ) R or G) of
the stress and Ci is the stress-optical coefficient for the
ith component function. Ci may be regarded as inde-
pendent of temperature. The validity of the MSOR has
been confirmed on many polymeric systems.6

A molecular interpretation of the MSOR was proposed
by Osaki et al.6 The R component is attributed to the
orientation of flexible chains since at high temperatures
or with long times the terms with the subscript G dis-
appear and the MSOR is reduced to the ordinary
stress-optical rule. On the other hand, the relaxation
of the G component can be attributed to the rotational
reorientation of structure units about the main chain
axis.7,8

The MSOR was applied to large tensile deformations
of amorphous polymers by Okamoto et al.9,10 They
measured the tensile stress and the birefringence of
polystyrene and polycarbonate under constant-speed
elongation and applied the MSOR assuming that the
two stress-optical coefficients are independent of the
stress level, which is obviously unsatisfactory at high
stresses. Their result is not accurate for high stresses,
but they succeeded in showing that strong nonlinear
features such as yield phenomena or plasticity observed* To whom all correspondence should be addressed.

∆n(t) ) Cσ(t) (1)

σ(t) ) σR(t) + σG(t) (2)

∆n(t) ) CRσR(t) + CGσG(t) (3)
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near Tg could be attributed to the strong nonlinear
viscoelasticity of the G component. On the other hand,
the behavior of the R component was found to be close
to that predicted with linear viscoelasticity.

Muller and Pesce studied stress-optical behavior of
polystyrene and polycarbonate more in detail by per-
forming constant-rate elongation experiments near the
glass transition temperature.11 A schematic graph of
their results is presented in Figure 1, in which the
tensile stress is plotted against the birefringence. At
high temperatures, the SOR holds well if the stress level
is low, and the stress-birefringence curve starts to
deviate from the linear SOR at high stresses. This
deviation can be qualitatively explained by a finite chain
extensibility that results in a saturation of the orienta-
tion and hence of the birefringence.12 Near Tg, the
simple SOR does not hold even at low stresses at the
beginning of deformation. However, in the relaxation
process after elongation, the stress-optical relation can
be described by a single curve except at the very early
stage of relaxation. The relaxation curves under various
conditions of elongation ratio, elongation rate, or tem-
perature form a common curve after short relaxation
times. The curve agrees with the stress-birefringence
relaxation at high temperatures, including the processes
of elongation and relaxation. They named this curve
the equilibrium curve. Their result indicates that CR
should be stress-dependent.

The aim of the present work is to investigate the
viscoelastic properties of the two component functions
in detail, taking into account the stress dependence of
CR. For this purpose, we perform constant-rate elonga-
tion experiments with polystyrene. The tensile stress
is separated into the two component functions, and
effects of the elongation rate on them at 115, 105, and
100 °C are discussed.

Experimental Section

Material. Polystyrene (Toporex 550-51) was supplied by
Mitsui-Toatsu Co. Ltd. GPC measurement showed the poly-
mer to have a molecular weight (Mw) of 270 000 and a
polydispersity index of 2.1. The results of dynamic viscoelas-
ticity and birefringence measurements were reported previ-
ously.14 The two MSOR component functions for the complex
Young’s modulus and shift factors for them are also included
in the same reference. Tg (102 °C) was measured with DSC
(TA Instrument, thermal analysis system 2000 with DSC 2910)

by the midpoint method. After being held at 200 °C for 2 min,
the sample was cooled at 10 K/min to 50 °C, held there for 2
min, and then heated with a heating rate of 10 K/min. The
sample was molded into a plate with a 0.5 mm thickness at
200 °C. Dumbbell-shaped specimens were cut out from this
plate.

Apparatus. The stress-optical behavior in uniaxial exten-
sion with constant elongation rates was examined with a
tensile tester (Creepmeter RE-33005, Yamaden Co Ltd., Tokyo,
Japan) equipped with a simple optical system for birefringence
measurements. In this study, the apparatus was modified to
perform constant-rate experiments. A signal generator (1941,
NF Electric Instrument Co., Yokohama, Japan) was used to
vary the pulse interval to drive the pulse motor to achieve an
exponentially increasing elongation ratio. The elongation
ratio, λ, is related to the rate of elongation ε̆, as follows

Here, ε is the Hencky strain. The uniformity of elongation
was checked by examining the films at various draw ratios.
The uniformity was satisfactory in the ranges of temperature
and rate of elongation of this study.

The optical system for birefringence measurements was
based on the intensity method. Details of the optical system
were the same as described previously.9,13 A homemade
chamber was used to control the temperature of the sample.
The temperature of the sample was calibrated by using the
melting point of indium (Tm ) 156.6 °C).

In evaluating the stress and the birefringence from the
directly detected quantities, the tensile force and the retarda-
tion, respectively, one needs the exact cross sectional area and
thickness of the specimen. We estimated the cross sectional
area from the initial cross sectional area assuming that the
material is incompressible or that the Poisson ratio is equal
to 0.5. The Poisson ratio for glassy polystyrene is reported to
be 0.33. We expect that the Poisson ratio at temperatures
higher than Tg is larger than 0.33 and that the error due to
the assumption of incompressibility is not too serious. The
error for the birefringence is smaller since the error for
thickness is smaller than that for the cross sectional area.

We assign here notations for the viscoelastic functions
representing the tensile stress, σ, under uniaxial elongation
at a constant rate, ε̆. The elongational viscosity growth
function, ηE

+, is defined as

If the function levels off with long time we obtain an elonga-
tional viscosity, ηE, as

Also, we use notations ηE0
+ and ηE0 to represent the limiting

values at ε̆ f 0.

Results
Stress and Birefringence. Figure 2 shows the

strain dependence of the tensile stress, σ, and the
birefringence, ∆n, at 115 °C measured by constant-rate
elongation experiments. ∆n was negative over the
whole strain region in this study, including the values
at lower temperatures. In Figure 2, ∆n is reduced with
the linear stress-optical coefficient (C ) -4.7 × 10-9

Pa-1), which is valid at low stresses (σ < 2 MPa). The
curves for ∆n/C should agree with σ if the SOR is valid.

Figure 1. Schematic diagram of the stress-birefringence
relation.

λ ) exp(ε) (4)

ε ) ε̆t (5)

ηE
+(ε̆,t) ) σ/ε̆ (6)

ηE(ε̆) ) ηE
+(ε̆,∞) (7)

ηE0
+(t) ) ηE

+(0,t) (8)

ηE0 ) ηE(0) (9)
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At low elongation rates (ε̆ ) 0.0002-0.0025 s-1), the
curves for ∆n/C are the same as σ. At the highest rate
(ε̆ ) 0.025 s-1), σ increases steeply at the beginning of
deformation but ∆n/C does not.

The difference in strain dependence between σ and
∆n/C becomes more evident with decreasing tempera-
tures. The data at 105 °C are shown in Figure 3.
Compared with Figure 2, the strain dependence of ∆n/C
is qualitatively the same while σ increases steeply at
the beginning of deformation at 105 °C. This feature
becomes more remarkable when the rate of elongation
is increased. Similar results were obtained at 100 °C
(Figure 4). At this temperature, ∆n does not depend
on the rate as much, while a yield phenomenon was
observed for the stress variation. σ first increases,
shows a maximum and a minimum, and then increases
again. Thus, the variation of σ becomes complicated
when the temperature approaches the glass transition
temperature.

The relation between ∆n and σ, which is not shown
here, showed the same characteristic features as shown
in Figure 1. At high temperatures and low rates, the
SOR holds true. With decreasing temperatures, the
stress-optical relation deviates upward from the SOR
line.

Comparison with Linear Viscoelasticity. In Fig-
ure 5, the viscosity growth function, ηE

+, and ∆n/ε̆ at
115 °C are plotted against time on the double-logarith-
mic scale. The dashed curve represents ηE0

+ calculated
from the dynamic Young’s modulus measured with
oscillatory deformation.14,18 This curve should agree
with the curves for ηE

+(ε̆,t) at the limit of ε̆ f 0.
Evidently, ηE

+ at various rates of elongation forms a

Figure 3. Strain dependence of the tensile stress, σ, and the
birefringence, ∆n, during constant rate elongation at 105 °C:
(O) 0.00025, (b) 0.001, (0) 0.003, (9) 0.01, and (]) 0.025 s-1.

Figure 4. Strain dependence of the tensile stress, σ, and the
birefringence, ∆n, during constant rate elongation at 100 °C:
(O) 0.0002, (b) 0.0005, (0) 0.001, and (9) 0.003 s-1.

Figure 2. Strain dependence of the tensile stress, σ, and the
birefringence, ∆n, during constant rate elongation at 115 °C.
(O) 0.0002, (b) 0.0005, (0) 0.0025, (9) 0.005, and (]) 0.025 s-1.
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lower envelope and this envelope agrees with ηE0
+ from

the dynamic data. One may realize a similarity to the
well-known Meissner’s results for polyethylene melts,15

but these results are for much higher stress levels. The
departure of ηE

+ from the envelope begins at a certain
point depending on the rate of elongation. We will
discuss the origin of this divergence later. Thus, at
relatively high temperatures, the stresses are approxi-
mately represented by a function ηE0

+ except for the
steep increase of the experimental data with long times.

The time variation of ∆n(t)/ε̆ is the same as ηE
+ with

relatively long times [log(t/s) g 1], which means that
the SOR is valid. Note that the SOR is valid even after
σ and ∆n steeply increase. This result indicates that
the steep increases observed here in σ and ∆n cannot
be attributed to the finite extensibility of the chain as
will be discussed later. The breakdown of the SOR with
short times is due to the glassy component of stress.

At lower temperatures, the results are quite different
from those at a high temperature (115 °C). Figure 6
shows the time variation of ηE

+ and ∆n/ε̆ at 100 °C. It
is difficult to find any similarity to Figure 5. The dashed
curves for ηE0

+ derived from the dynamic Young’s modu-
lus are located above the curves for ηE

+ in Figure 6. At
low rates of elongation, ηE

+ increases linearly with t and
then levels off once, and finally starts to diverge at a
certain point. With increasing ε̆ values, the flat portion
of ηE

+ curves lowers. At even the lowest ε̆, ηE
+ does not

agree with ηE0
+. Thus, ηE

+ at the low temperatures
exhibits the strong nonlinear feature of viscoelasticity
even at the lowest rate of elongation studied. The
curves for ∆n/ε̆ in Figure 6 do not vary much with the

rate. One may not be able to find any correlation be-
tween ηE

+ and ∆n/ε̆ at this temperature at first glance.
Extension of the MSOR for a Highly Orientated

System. According to the MSOR, the stress of molten
polymers near the glass transition temperature can be
separated into the two component functions as shown
in eqs 2 and 3. We presume that this separation makes
it easy to understand the complex features of ηE

+ and
∆n/ε̆ of this study. The stress level is quite high for
some experimental conditions, and the stress-optical
coefficient for the R component should be treated as a
function of the stress.4 Muller and Pesce obtained the
stress-optical relation (equilibrium curve) of PS at 120
°C when σ was less than 10 MPa by using an elongation
rate ε̆ of 0.5 s-1.11 With our apparatus, such a high rate
could not be achieved. However, according to their re-
sult, the stress-birefringence relation measured in the
relaxation curve at lower temperatures agrees with the
equilibrium curve obtained at high temperatures. Our
equilibrium curve determined by this way is shown in
Figure 7. Here, we performed a constant-cross-head
speed experiment because the equilibrium curve can be
obtained more easily than from a constant-rate experi-
ment. This is because the relative amplitude of the G
component in a constant-speed experiment decreases
more rapidly due to the decrease of the rate of elonga-
tion with time. The relaxation curve forms a lower en-
velope, the equilibrium curve of Muller and Pesce.11 The
present curve is in good agreement with theirs. The

Figure 5. Viscosity growth function, ηE
+, and ∆n/ε̆ at 115 °C.

The dashed line indicates the viscosity growth function at a
limit of ε̆ ) 0 s-1.

Figure 6. Viscosity growth function, ηE
+, and ∆n/ε̆ at 100 °C.

The dashed line indicates the viscosity growth function at a
limit of ε̆ ) 0 s-1.
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stress-optical ratio for the equilibrium curve was
determined as eq 12 for ∆n e 3 × 10-2, the range needed
for later use.

Using the stress-dependent CR, the MSOR for high
stresses (σR > 2 MPa) may be written as follows in place
of eq 3.

The value of CG for PS in the linear viscoelastic
regime was found to be 3 × 10-12 Pa-1 from dynamic
birefringence measurement.9 In the following calcula-
tion, we assumed that CG was independent of stress
level. If eqs 2 and 10 are solved simultaneously, σR(t)
and σG(t) can be determined. However, the set of eqs 2
and 10 are not convenient to solve. In a practical
calculation, we treated CR as a constant (eq 3), if the
birefringence level was below 1 × 10-2. At a higher
birefringence level, the contribution of the G component
to ∆n may be neglected. The maximum stress measured
in this study was 12 MPa, and therefore, the contribu-
tion of the CGσG term was less than 3.6 × 10-5.
Therefore, we may rewrite eq 10 as follows.

CR(∆n) determined from the equilibrium curve in Figure
7 is

Equation 12 agreed with experimental data within (3%
over the whole birefringence range. When eqs 2 and
11 are solved, the component functions, σR and σG, at
high birefringence levels were obtained. In this calcula-
tion, the accuracy of σR is on the same order as the
birefringence measurement (typically 5%). On the other
hand, σG became less accurate with increasing strain

because the relative contribution of the G component
to the stress decreased.

Figure 8 shows an example of MSOR analysis: σR and
σG at 115 °C are plotted against time on the double-
logarithmic scale. σG values at ε̆ ) 0.0002 and 0.0005
s-1 were too small to be estimated accurately. σR
increases with time, while σG seems to be approximately
constant. The increase in σG with long times is due to
the experimental error since the contribution of σG to
the total stress is quite low.

Similar evaluations of σR and σG were carried out for
the data at 105 and 100 °C. The results are shown in
the following sections. The stress components are rep-
resented by corresponding viscosity growth functions

Effect of Elongation Rate on the R Component.
Figure 9 shows the viscosity growth function, ηER

+, of
the R component. The dashed curves in Figure 9 are
ηER0

+ calculated from the R component of the dynamic
Young’s modulus.14 The agreement between the con-
stant-rate experiment and dynamic measurement is
good for the highest temperature, 115 °C, except with
long times where ηER

+ suddenly starts to increase and
deviates from linear ηER0

+ [)ηER
+(0,t)].

Note that the divergence of ηER
+ cannot be attributed

to the finite extensibility of the chain. If the finite
extensibility is the reason, the σR values at the deviation
point should coincide with each other. Moreover, at this
stress level, the stress-optical relation would deviate
from the linear SOR. However, this is not the case. The
SOR is valid at t > 10 s at 115 °C in Figure 5; the upturn
of the stress begins at σ < 2 MPa in Figure 8.

It is well-known that ηE diverges for a constitutive
model derived from the equation of linear viscoelastic-
ity.16 A simple extension of the Boltzmann superposi-
tion principle for large deformation is to replace the
strain with the Finger strain tensor. The elongational
viscosity growth function is written as

Figure 7. Stress-birefringence relation of PS during constant
speed elongation (ε̆0 ) 0.005 s-1) and the relaxation process
after stretching to various elongation ratios, λ, at 105 °C: (O)
λ ) 1.5, (b) λ ) 2, (0) λ ) 3.5, (9) λ ) 3, and (]) λ ) 3.5. The
curve represents the estimated equilibrium curve (eq 12). The
equilibrium curve determined by Muller and Pesce11 is indi-
cated by ×.

Figure 8. Two MSOR component functions at 115 °C. Arrows
indicate t ) 1/(2ε̆). Thick curves represent σR and thin curves
σG. The dashed line indicates σ ) 2 MPa over which the
stress-optical coefficient, CR, must be treated as stress-
dependent.

∆n(t) ) CR(σR)σR(t) + CGσG(t) (10)

∆n(t) ) CR(∆n)σR(t) (∆n > 0.01) (11)

CR/(-4.7 × 10-9 Pa-1) ) 1-6.10(∆n) +

(2.21 × 103)(∆n)2 - (6.7 × 104)(∆n)3 -
(8.94 × 105)(∆n)4 + (6.8 × 107)(∆n)5 (12)

ηER
+(ε̆,t) ) σR/ε̆ (13)

ηEG
+(ε̆,t) ) σG/ε̆ (14)

ηE
+(ε̆,t) ) 1

ε̆
[λ2(t) - λ-1(t)]G(t) +

1
ε̆
∫0

t[λ2(t)

λ2(t′)
-

λ(t′)
λ(t) ]µ(t - t)dt (15)
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where µ(t) ) -dG(t)/dt is the memory function and G(t)
is the shear relaxation modulus. The elongational
viscosity diverges for ε̆ values of >1/(2τ) if the memory
function is represented by an exponential functions, [µ-
(t) ) exp(-t/τ)]. The divergence is evidently due to the
rapid increase of the quantity in square brackets of eq
15 at high rates. Note that this is purely a geometrical
factor arising from the choice of Finger tensor as the
strain measure. The arrows in Figure 9 indicate the
time t of 1/(2ε̆). After time exceeds the arrows, ηR

+(t)
starts to diverge. Thus, the deviation from ηER

+ can be
attributed to the strong increase of strain measure.

On the other hand, if the temperature is decreased,
the agreement between ηER

+ and ηER0
+ is not so good

and ηER
+ starts to depend on the rate of elongation even

with short times. We will return to this point later.

Effect of Elongation Rate on the G Component.
Figure 10 shows the viscosity growth function for the
G component, ηEG

+, at various temperatures. ηEG
+ at

the limit of ε̆ f 0, ηEG0
+, calculated from dynamic data,

is also shown for comparison. Although the system
cannot reach the true steady state for the case of tensile
deformation because ηER

+ diverges at a finite time scale,
ηEG

+ apparently reaches a steady state with long times
and one may define the steady state viscosity, ηEG(ε̆).
The data at 115 °C were not so accurate with long times
as discussed previously. Neglecting these data, we can
estimate the values of the steady state viscosity, ηEG-
(ε̆). For the highest temperature, 115 °C, these values
agree with ηEG(0) estimated from dynamic data.

At 105 °C, ηEG
+ increases with time and does not

depend on ε̆ just after the beginning of deformation.
With long times, ηEG

+ levels off and gives the steady
value. The data at the lowest rate are not very far from
ηEG0. The steady value ηEG decreases with increasing ε̆
values. At 100 °C, even at the lowest rate, ηEG did not
agree with ηEG0. These results quite resemble the
features in shear flows of the ordinary entangled
polymer systems in the terminal flow zone.

Discussion

Elongation Rate Dependence of ηEG on E3 . In
Figure 11, the steady state viscosity ηEG is plotted
against ε̆. Here, to compare the data at different
temperatures, the data are reduced to the data at 115
°C with the method of reduced variables. ηEG/aTG is
plotted against ε̆aTG, where aTG is the shift factor
determined by dynamic measurement.14 The data at
different temperatures lie on a single curve. Although
data points are limited, this result strongly suggests
that the method of reduced variables works well for the
G component even in the nonlinear viscoelastic region
around the glass transition zone. The figure indicates
that if the rate of elongation exceeds a certain value,
ηEG starts to decrease with increasing ε̆ values. It
should be noted that this rate of elongation is about
1000 times smaller than the inverse of the characteristic
relaxation time of the G component, which may be
defined as 1/ωmax. Here, ωmax is the angular frequency
at which the loss Young’s modulus, E′′(ω), shows a
maximum in the glass-to-rubber transition zone. For
the shear viscosity of polymer melts in the terminal flow
zone, the rate where the thinning starts approximately
corresponds to the inverse of the characteristic relax-
ation time. In such a case, the steady shear viscosity,

Figure 9. Viscosity growth functions for the R component,
ηER

+, at 115, 105, and 100 °C. The dashed curves indicate the
viscosity growth functions of the R component at a limit of ε̆
) 0 s-1. Arrows indicate 1/(2ε̆).

Figure 10. Viscosity growth functions for the G component,
ηEG

+, at 115, 105, and 100 °C. The dashed curves indicate the
viscosity growth functions of the G component at a limit of ε̆
) 0 s-1 calculated from dynamic data.

Figure 11. Rate dependence of the steady state viscosity for
the G component. The reference temperature is 115 °C: (b)
115, (O) 105, and (9) 100 °C. Values of log aTG are 2.1 at 105
°C and 3.7 at 100 °C. The solid line indicates |η*(t)|ω)1/ε. The
arrow indicates the characteristic relaxation rate of the G
component.
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η(γ̆), is close to the magnitude of the complex viscosity,
|η*(ω)|, if the rate of shear, γ̆, is equated with the
angular frequency, ω.17

The line in Figure 11 represents |ηEG*(ω)|ε)ω. This
result shows that ηEG has a much stronger rate depen-
dence than |ηEG*(ω)|ε)ω. The shear thinning of the
viscosity of polymer melts is associated with the strong
strain dependence of the shear modulus.3 The very
strong rate dependence of ηEG may also be related to
the very strong strain dependence of the Young’s
relaxation modulus, E(t,ε).9 E(t,ε) for polystyrene de-
creases if ε exceeds about 1%; the structure that
supports σG is very breakable. The remarkable yield
phenomena of glassy polymers may be due to this
nature of the G component. We point out that σG is a
well-behaved viscoelastic quantity, for which the viscos-
ity exhibits strong but smooth thinning and the method
of reduced valuables works well.

Correlation between R and G Components. The
curves for ηER

+ at 105 and 100 °C in Figure 9 are not
as well aligned as they are at 115 °C and seem to have
some systematic features. With increasing rates, the
curves for ηER

+ seem to move down along a line with
slope of 1 as if the temperature was being increased.
Thus, the curves for ηER

+ at higher ε̆ values deviates
more and more from that for ηER0

+ (dashed curve) in
contrast to the case of 115 °C where ηER

+ completely
agreed with ηER0

+ except for the upturn at the end.
Here, we discuss the correlation between the R and

the G component. As discussed before, ηEG shows the
strong thinning phenomenon at lower temperatures. If
the G component represents the properties of an effec-
tive medium with viscosity ηEG in which the chain
orientation relaxes, the relaxation rate of the R compo-
nent may be accelerated by decreasing ηEG. To examine
this conjecture, the ηER

+ was reduced using ηEG. A
reduced function, ηER

+(ηEG0/ηEG), is plotted against a
reduced time, t(ηEG0/ηEG). The results are shown in
Figure 12. The agreement among different rates be-
comes much better. Also, the reduced curve lies fairly
close to the dashed curve representing ηER0

+ except with

long times. Thus, the deviation of ηER from the predic-
tion of linear viscoelasticity can well be attributed to
the decrease of effective viscosity due to thinning of the
G component.

Conclusion
We have examined the viscoelastic properties of

polystyrene under large deformations just above the
glass transition temperature. The strain-stress rela-
tion can be more easily understood if the stress is
separated into the two component functions by using
the modified stress-optical rule, including the nonlinear
stress dependence of the stress-optical coefficient. The
glassy component (G) shows strong strain rate depen-
dence if the deformation rate exceeds about 1/1000 of its
characteristic relaxation time. On the other hand, the
behavior of the R component, which is related to chain
orientation, can be explained in the framework of linear
viscoelasticity except for the enhanced relaxation rate
at high rates of strain when the temperature is close to
the glass transition temperature. This means that the
effective friction coefficient for the R component may
be controlled by the state of the surrounding medium
which can be probed by viscoelastic response of the G
component.
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Figure 12. ηER
+ reduced by ηEG at 105 and 100 °C.
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