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ABSTRACT: Shear stress development after the onset of steady shear flow was measured at 20 °C for a
polyisobutylene with viscosity-average molecular weight 9.6 X 10° at shear rates from 3.5 X 104 to 3.5 X 102
s”1. The initial parts of the stress growth coefficient curves at different shear rates composed a single curve.
Slmultaneous measurements of the differential dynamic moduli, G’(w,¥;t) and G”(w,y;t), were made during
the stress development process by intermittently superposed small sinusoidal oscillations at 0.1 Hz, which
falls in the middle of the plateau zone. At a relatively low shear rate, both G’ and G” showed constant values
just the same as in linear viscoelasticity until a certain time elapsed. This time region corresponded to that
in the above single curve. Then G’ began to decrease and G” to increase. Corresponding to these changes
in G’ and G”, the stress growth coefficient began to deviate from the single curve. The critical shear strain
was near 0.15 and approximately independent of shear rate. It was concluded that the original entanglement
structure of the linear polymer remains unchanged until a certain critical strain is accumulated and the

nonlinear behavior in stress development corresponds to a change in the entanglement structure.

Introduction

In previous works, it was found that the entanglement
structure changes with the strain given to the material by
measurements of the differential dynamic modulus during
the stress relaxation process in shearing deformations.1-3
In small shearing deformations, it was confirmed that the
density of the entanglements remains constant.1?

In steady shear flow, too, the effective entanglement
density is expected to be independent of shear rate, if the
shear rate is low enough. If the shear rate is high, i.e., in
the nonlinear region, the entanglement density may vary
with shear rate but remains constant in the steady state.+13

In the stress development phenomena after onset of
steady shear flow, it may be speculated that the structure
is changed not only with shear rate but also with time.
The initial entanglement structure of the material may be
transformed into a different structure during a transient
process, and the transition from the initial state to the
final state would occur if the strain in the material reaches
a critical value, as pointed out by Nagasawa et al.”!! Such
an idea has been experimentally supported by observing
the stress development or stress relaxation after a step-
wise change of shear rate from a value of v, (including ¥,
= 0) to another value of v27-15 and also by analysis of creep
and creep recovery.!® On the basis of this model, moreover,
Nagasawa et al. pointed out that the memory function or
after-effect function should be defined for the entangle-
ment structure of the material 7-1114.15

The purpose of this work is to test the idea of such a
“network-rupture model” by measuring the differential
dynamic modulus during stress development processes
after the onset of steady shear flow. The change in the
entanglement structure of polymeric materials may be
observed in the stress development processes more easily
than in stress relaxation processes.

Materials and Method

A sample, polyisobutylene L-80 (Exxon Chemicals Company),
and the apparatus used, a Weissenberg Rheogoniometer R-18
(Sangamo Controls Ltd.), were the same as in the preceding two
works in this issue.2?
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In this work, a Couette type of shear deformation was adopted.
Figure 1 shows a sketch of the cross section of the specially
designed device for this type of deformation. The hatched portion
is the ring-shaped sample. The inner and outer radii were 4 and
14 mm, respectively. The cross-hatched portion is the deformed
part of the sample. The inner and outer radii of this deformed
part were 9.25 and 11 mm, respectively. The sample thickness
was typically 1 mm. The inner and outer parts of the sample
ring were separately sandwiched and fixed with a cyanoacrylate
glue. The inner bob and the outer cup can move independently.
So shear deformation can be easily obtained by their relative
rotation around the axis or relative displacement along the axis.
In this work, a relative rotation was adopted. The sample was
molded at about 100 °C in sheets. Ring-shaped samples were
cut by a double punch.

A sketch of the experimental procedure is shown in Figure 2.
Before shearing, the dynamic moduli, G’(w,0) and G”/(w,0), where
0 denotes the zero static strain, were measured. A shear flow
with a shear rate, v,, was started at time zero. Atintervals,small
sinusoidal deformations with a shear amplitude of v, at a radian
frequency, w, were superimposed. Total strain, v(t), and total
stress, o(t), are given as

¥(t) = ot + v, sin (wt) 6)}

a(t) = 6("70;t) + o, sin (wt + 5) 2)

The stress growth coefficient and differential dynamic modulus
are defined by

1(veit) = olyvgit) /%o 3
G'(wvgit) = (0,/7,) cos & 4)
G"(wygit) = (0,/7,) sin (5)

At time t;, when the magnitude of shear reached 2, the flow was
stopped. After ¢,, stress relaxation was observed. If vy, is very
high, this experiment corresponds to a step strain experiment at
vy =2

Experiments were made at various values of v varying from
3.5 X 10~ to 3.5 X 1073 57, which were estimated at the mean
radius of the deformed part of the sample. The details for
estimation of shear rate will be explained in the next section.
The strain amplitude of the superposed oscillation was less than
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Figure 1. Rough sketch of the device for a Couette type of shear
deformation, designed and made by ourselves. Broken linesshow
the positions of setscrews. The hatched and cross-hatched
portions are a ring-shaped sample and a deformed part of the
sample, respectively.
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Figure 2. Schematic diagram of the stress development and
stress relaxation with superposed small oscillations.

0.03. In this range of oscillatory amplitude, the differential
dynamic modulus was found to be independent of the amplitude,
even if the shear rate was high. The frequency was 0.1 Hz, which
corresponds to a time scale in the plateau zone.2 Measurements
were made at 20 °C.

Results and Discussion

Figure 3 shows the results after cessation of steady shear
flowaty =2. Therelaxation modulus G(v,y;t~t;) depends
on the shear rate as shown in the top panel. It lowers as
v decreases. These curves converge at the long-time region
and agree with the values of the step strain experiment
at ¥ = 2 shown by the broken line. The corresponding
behaviors were observed on G'(w,y,v;t-t1) and G (w,y,v;t~
t1), too, as shown in the bottom two panels.

Figure 4 shows the coefficient S/ (ba), where S is the
torque, b is the form factor, and a is the angular velocity
(rad-s™1), respectively. In the linear viscoelasticity, this
corresponds to the stress growth coefficient. There are,
however, distributions of strain and stress in a radial
direction in the present experiments. The distributions
can be estimated with the single-bob method by Krieger
and Maron,17-19
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Figure 3. Double-logarithmic plots of G(y,y;t—t1), G'(w,v,7;t-
t1), and G”(w,v,-y;t—tlg against ¢ - t, for six different shear rates.
In the top panel, shear rates are 3.5 X 10-8 57! for the first solid
line at the top, then 2.2 X 10‘3 1.4 X 1073,8.8 X 1074, 5.5 X 1074,
and 3.5 X 104 5! for the remaining five lmes, respectlvely, from
top to bottom. In the bottom panels, pip up, ¥ = 3.5 X 10 s7;
successive 45° rotations clockwise, 5.5 X 104, 8.8 X 104, 1.4 X
10-3,2.2 X 1073, and 3.5 X 10351, These values of the shear rate
are the ones at the mean radius, estimated in Figure 5, and the
related analysis (see text). G’(w,0) and G"(w,0) denote mea-
surements before shearing, at the frequency shown on the abscissa
at the left (log w =-0.2,»=0.1 Hz). Broken linesshow the curves
of G(v,t), G'(w,y;t), and G”(w,¥;t) for the sample L-80 in the step
strain experiment at vy = 2.3
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Figure 4. Double-logarithmic plots of the coefficient S/ (ba)
against ¢ for six different speeds of rotation of the inner bob. P

up, speed of rotation is 5.96 X 10~ rpm; successive 45° rotatlons
clockwise, 9.43 X 1074, 1.50 X 103, 2.37 X 1038, 3.75 X 1073, and
5.96 X 1072 rpm.

Figure 5 shows three examples of the time variation of
shear rate distribution for different speeds of rotation.
The rate of shear has a maximum and a minimum at the
inner and outer radii, respectively. These extremes are
shown by solid lines. The difference between the max-
imum and the minimum values remains constant in the
beginning but becomes wider as time elapses. However,
the shear rate at the mean radius shown by the broken
line remains constant. The extremes differ from the value
at the mean radius by approximately +18 or £40%. The
stress also has distribution in the radial direction. It has
amaximum and a minimum at the innner and outer radii,
respectively, depending on the inverse square of the radial
distance from the center, so the distribution in the stress
growth coefficient is expected to be not so broad.

Figure 6 shows three examples of the distribution in the
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Figure 5. Double-logarithmic plots of the shear rate distribution
inaradial direction against ¢ for three different speeds of rotation
of the inner bob, 5.96 X 1073, 2.37 X 1073, and 5.96 X 10~ rpm,
from top to bottom. In each combination of curves, the upper
and lower solid lines show the shear rate at the inner and outer
ragii, respectively. Brokenlinesshow theshearratesatthe mean
radius.
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Figure 6. Double-logarithmic plots of the stress growth coef-
ficient development distribution in a radial direction against ¢
for three different speeds of rotation. Curves are shifted along
the abscissa to avoid overlapping. Ineach combination of curves,
the upper and lower solid lines show the coefficient at the outer
and inner radii, respectively. Broken lines show the coefficient
at the mean radius.

stress growth coefficient for three different speeds of
rotation. In this figure, the curves are shifted along the
abscissa to avoid overlapping. In each combination of
curves, the upper and lower solid lines show the values at
the outer and inner radii, respectively. The broken line
shows the value at the mean radius. We can find that the
extremes in the coefficient differ from the mean value at
most by £8 or £13% in the present measurements. It is
noted that there is no distribution in stress growth
coefficient in the radial direction at the beginning.

The stress growth coefficients after onset of steady shear
flow estimated at the mean radius are plotted double-
logarithmically against time for various shear rates in the
top panel of Figure 7. The curves form a single curve
irrespective of the shear rate at the initial state of rotation
or in the region of ¢t — 0. This agrees with the results of
Kajiura et al.,’® Isono and Nagasawa,!! Menezes and
Graessley,!213 and Takahashi et al.1415 From the results
of Figures 6 and 7, it is clear that the initial part of the
stress growth coefficient curve is in the linear region,
although the whole growth curve in the linear region was
not obtained in the present experiment. After a certain
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Figure 7. Double-logarithmic plots of 5(v,t), G'(w,y;t), and
G"(w,y;t) against ¢ for six different shear rates. The shear rates
estimated at the mean radius are denoted in the figure. Broken
lines in the middle and the bottom panels denote the values of
G’(w,0) and G”(w,0), respectively. Inthe bottom panel, plots are
shifted along the ordinate by a factor of A denoted in the panel.

time elapses, the coefficient begins to deviate from the
single curve. The deviating time depends on the shear
rate. As the shear rate increases, the deviating time
becomes shorter.

In the second and the third panels of Figure 7, the
differential dynamic moduli, G’(w,y;t) and G”(w,y;t),
measured during the stress growth experiments are plotted
double-logarithmically against time for variousshear rates.
For the lowest shear rate, the stress growth coefficient
develops in a linear manner until about 400 s (log ¢ = 2.6).
Until this time, G’(w,¥;t) shows a constant value that is
in agreement with the value obtained at the equilibrium
state. As time proceeds, it begins to deviate from the
constant value. In G”(w,¥;t), too, similar behavior can be
found, although data are somewhat scattered and the
deviation from G”'(w,0) is fairly small. Forthe other shear
rates, we can find the same features. .

In Figure 8, the values of G'(w,v;t) and G”'(w,y;t) are
plotted double-logarithmically against y¢, that is, the shear
strain. The initial values of G"(w,0) as well as G'(w,0)
should have been the same for each sample. In practice,
G’(w,0) showed almost the same value for each sample.
But G”(w,0) varied by about 5%. For comparison,
however, all those values of G”” were arbitrarily adjusted
to make G”(w,0) match the average (log G”(w,0) = 4.35
Pa) in Figure 8. At small magnitudes of shear, both G’
and G” take the original linear values, G’(w,0) and G”(w,0),
respectively. When the shear strain reaches a certain
critical value, nonlinear behavior appears. Thus, it may
be concluded that the original entanglement structure of
linear polymer remains unchanged until a certain critical
strain is accumulated.
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Figure 8. Double-logarithmic plots of G’(w,v;t) and G”(w,v;t)
against y¥¢. Symbols are the same as in Figure 7. In the lower
panel, plots are shifted along the ordinate by a factor of B. Pip
up, B = —0.01; successive 45° rotations clockwise, 0.01, 0, -0.01,
-0.02, and 0.01 (see text).

At large shear strains, curves are not superposed. It is
clear that the structure of the polymeric materials is not
only determined by the magnitude of strain but also
affected by the strain history of the material. It may be
also concluded that the nonlinear behavior in stress
development corresponds to a change in entanglement
structure.

Finally, it may be remarked that the critical shear strain
where nonlinear behavior begins to appear is around 0.15
and independent of shear rate. This value is very close
to the value where the experimentally observed relaxation
modulus beings to depend on strain.2 Such an existence
of a critical strain for deviations from the linear behavior
has been reported by Berry et al. in creep experiments!é
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and Kajiura et al.,”? Isono and Nagasawa,!! Menezes and
Graessley,'212 and Takahashi et al.1#!5 in the onset of
steady shear flow experiments, and a discussion on onset
of nonlinear flow behavior has been given by Ferry.?¢
However, the reported critical values are much larger than
that in the present work. The magnitude of the critical
shear strain may be determined carefully. At least,
however, it is lower than unity.
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