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Structure Evolution of a Polymer Solution at High Shear Rates
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ABSTRACT: We utilized large angle light scattering to study the structure of a sheared semidilute polymer
solution. Below a critical shear rate y. we observe an enhancement of concentration fluctuations in
accordance with previous experimental and theoretical work. Above y. we find dramatic changes in the
transient and steady state scattering behavior which indicate a shear-induced phase separation. A new
four-peaked structure which coarsens in time is observed which is superimposed upon the scattering
characteristic of low shear. The four-peaked scattering structure evolves into two peaks along the gradient
direction, implying the formation of phase-separated domains elongated along the shear direction.

I. Introduction In the present paper, we measure the static structure

Semidilute polymer solutions can undergo dramatic
changes when subjected to shear or elongational flow
fields.12 Transparent solutions, for example, can be-
come cloudy and opaque to visible light for sufficiently
strong flows. This cloudiness arises from a shear-
induced enhancement of polymer concentration fluctua-
tions and is largest in semidilute (i.e., entangled)
solutions near the ® temperature; the magnitude of the
effect increases as the coexistence (or binodal) phase
boundary is approached. In some cases, phase separa-
tion and precipitation of polymer aggregates may occur.

Renewed interest in these phenomena has been
stimulated by new theoretical models which attribute
the shear-induced cloudiness to a coupling between flow-
induced stress and thermally generated concentration
fluctuations.®~7 Recent experimental work has focused
on measuring the structure of the concentration fluctua-
tions under shear flow.8=21 Reasonable agreement
between theory and experiment has been achieved in
the low to moderate shear regime. There is little
understanding, however, of the solution behavior at high
shear rates and, in particular, of questions regarding
the possibility of shear-induced phase separation.

In this paper, we employ light scattering and rheo-
logical measurements to study the transient and steady
state structures that are caused by the initiation of
shear flow to a semidilute solution of polystyrene in
dioctyl phthalate (DOP). Above a critical shear rate 7y,
we observe qualitative changes in the structure factor,
most notably the emergence of four new peaks which
coarsen in time into two peaks along the gradient
direction. Above y., we also observe a dramatic increase
in the overall scattering amplitude. Other groups have
observed dramatic increases in the scattering of either
light!® or neutrons?® above a critical shear rate under
conditions similar to those reported here. Dramatic
increases in the viscosity have also been reported above
a critical shear rate.!* The overall behavior of these
experiments is suggestive of shear-induced phase sepa-
ration.
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factor under shear flow in the shear plane and introduce
a new analysis of the light scattering data in which the
structure factor is decomposed into symmetric and
antisymmetric components with respect to the shear
flow. These two components exhibit vastly different
dynamical behavior. The most important difference is
that one component does not coarsen in time and
resembles previously observed scattering patterns which
are described by the HF model while the other compo-
nent exhibits considerable coarsening behavior which
occurs on relatively slow time scales and is not described
by the HF model. The different dynamics of these two
components suggests that the decomposition we employ
has physical significance and may be able to provide
guidance for the development of new theoretical models
which can describe the high shear rate behavior of these
polymer solutions. We critically discuss the implications
of our results with respect to the suggestion that shear
flow can induce some kind of phase separation. We also
correlate our light scattering results with rheological
data which show shear thinning and transient stress
overshoots above 7.

Il. Background

Reports of shear-induced demixing in polymeric sys-
tems have appeared for over 30 years.! Only recently,
however, has there been a significant effort to under-
stand the physical origin of these phenomena and to
develop a theory capable of quantitative explanations.
In particular, experiment and theory have focused on
understanding the structure of concentration fluctua-
tions in sheared polymer solutions. Since the length
scales of the concentration fluctuations enhanced by
shear are comparable to the wavelength of light, light
scattering techniques have proven to be useful probes.
In a light scattering experiment, one measures the
scattered light intensity as a function of scattering angle
and obtains the static structure factor, S(q). The static
structure factor S(q) is the Fourier transform of the
spatial correlation function of the monomer concentra-
tion fluctuations,

S(@) =V [ dr Be(r)oc(0)e " (1)

Alternatively, one can measure the scattering dichroism
which can be directly related to the second moments of
S(q).12 Thus, one obtains the degree of anisotropy and
orientation of S(q).
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Simple shear flow determines a set of directions which
can be used to define a coordinate system. We define x
to be the flow direction, y to be the gradient direction,
and z to be the vorticity direction. Thus, the flow field
is completely specified by vy = py.

At low shear rates, Wu, Pine, and Dixon used a
Couette flow cell to make angle-resolved light scattering
measurements in the x—y plane.? They found two peaks
in the structure factor, that is, one peak at Qpeax and
another at —Qpeak, as dictated by the symmetry of S(q)
= S(—q). For low shear rates, the peaks are centered
at angles of 45 and 225° from the gx-axis. As the shear
rate increases, the peaks rotate clockwise through the
x-axis toward a limiting value of —45 and +135°;
scattering dichroism reveals behavior consistent with
these observations.'! A direct connection was made
between the steady state shear-induced concentration
fluctuations and the quiescent concentration fluctua-
tions as measured by static and dynamic light scatter-
ing.® The structures observed at low shear rates are in
qualitative agreement with a model originally proposed
by Helfand and Fredrickson (HF).2 Subsequently, Mil-
ner,* Onuki,® Doi,® and Ji and Helfand” extended the
HF theory to account for various effects not considered
in the original model. Within all of these models,
thermal concentration fluctuations are enhanced by
shear because of a coupling between the shear flow and
concentration fields. The strength of this coupling is
proportional to the concentration derivatives of the
rheological transport coefficients, i.e., proportional to on/
ac and 0Wi/ac, where 7 is the viscosity, W, is the first
normal stress coefficient, and c is the polymer concen-
tration. Within this general framework, peaks in the
0x—0y plane are observed in the first and third quad-
rants at the lowest shear rates where the viscous shear
stresses dominate (i.e., the dn/dc coupling). Empirically,
this low-shear regime has been observed when the ratio
of the normal to shear stresses is less than 0.2.8 At
moderate shear rates, the two peaks move into the
second and fourth quadrants where the normal stresses
dominate (i.e., the aW/dc coupling). This moderate-
shear regime has been observed when the ratio of the
normal to shear stresses is 2—5.8712 Several groups
have performed scattering experiments in the flow—
vorticity plane (x—z).11:12.14-1619,21

At low to moderate shear rates, butterfly patterns are
observed in which there is a “dark streak” along the
vorticity direction. This behavior is similar to what has
been predicted theoretically.” At high shear rates
numerous groups have reported dramatic results. Ver-
Strate and Philippoff made the original observation of
a sharp enhancement of turbidity above a critical shear
rate,?2 which has been more recently confirmed by both
light scatteringl0-1214-16 and neutron scattering®20
studies. More importantly, these optical and neutron
scattering studies have provided additional information
about the structure of the polymer solutions above this
critical shear rate. Light scattering studies show that
the butterfly patterns persist out to high shear rates,
with markedly increased intensity and a narrowing of
the width of the dark streak. Nakatani et al.1® find a
critical value of g above which fluctuations are not
enhanced. For sufficiently large shear rates, some
samples exhibit a shear thickening regime (following a
shear thinning regime at moderate shear).1011.1517 Dur-
ing shear thickening, fluctuating rheological and light
scattering signals are sometimes observed. Overshoots
in various measurements such as scattering dichroism,
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Figure 1. Schematic of the light scattering apparatus. The
sample is contained in the gap between the inner and outer
glass cylinders (shaded regions). The refractive index of the
glass closely matches that of the sample, thereby minimizing
refraction and reflection at the glass interfaces. The scattering
angle 6 is defined by the incident wavevector k; and scattered
wavevector k,. The angle § is defined as the angle between
the velocity vector v and the scattering vector . The scat-
tering volume is the volume of sample illuminated by the laser
beam near the point where the vectors meet in the diagram.
For the coordinate system we use, the velocity direction defines
the x-axis and the gradient direction defines the y-axis.

birefringence, and stress have been reported upon
initiation of strong shear flow.117131517 Yanase et al.!!
have observed that long times are required for the
sample to reach equilibrium after cessation of shear
flow. They have interpreted their high shear data in
terms of a flow-induced phase separation.

I1l. Light Scattering Setup

We are interested in probing the concentration fluc-
tuations which occur in the plane containing the flow
(x) and gradient (y) directions. Because of the symmetry
imposed by the shear flow, the leading order perturba-
tions (proportional to ) of S(q) must occur in the x—y
(or gx—ay) plane. Higher order effects (proportional to
72) will be manifest in both the x—y and x—z planes.
We make measurements in the gx—dy plane by using a
transparent glass shear cell, which is a modified version
of the one presented in ref 9 (see Figure 1). The Couette
cell consists of a stationary 23.4 mm diameter solid glass
inner cylinder and a concentric cylindrical glass outer
cup which rotates about the inner cylinder. The gap
between the cylinders is 1.0 mm and contains the
solution. Since the refractive index of the DOP solvent
is 1.48 and the index of refraction of the Pyrex glass is
1.475, the reflection and refraction between the solution
and the glass are minimized. Furthermore, the Couette
cell is immersed in an index matching fluid, which
eliminates reflection and refraction from the outer
surfaces of the cup. Light from a He—Ne laser is weakly
focused onto the gap between the cylinders in a direction
perpendicular to the common axes of the cylinders, as
shown in Figure 1. The scattered light is focused by a
small-aperture lens onto a fiber optic cable which is
connected to a photomultiplier tube. The scattering
wavevector q is defined by q = k, — ki where K, is the
wavevector of the scattered light and k; is that of the
incident light. In the present case of elastic light
scattering, ki = k, = 2zn/A, where 4 is the wavelength
of light in vacuum, and n is the index of refraction of
the solvent. The magnitude of q is set by the scattering
angle 6 via g = 2k; sin (6/2), as in typical light scattering
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experiments. Scattered light is collected for angles
ranging from 6 = 20 to 165° allowing the static
structure factor S(gq) to be measured for scattering
vectors ¢ between 5 and 30 um~l. We control the
direction of q relative to the flow by rotating the entire
Couette cell about the scattering volume, which varies
the angle . Note that there are three components
which can rotate in this setup. The first component is
the cup, which rotates about the inner cylinder and
provides the shear flow. The second component is the
light detection arm which can be rotated about an axis
that passes through the scattering volume; this allows
us to vary the scattering angle 6. The third component
is the entire Couette cell which can be rotated about
the scattering volume; this provides us the ability to
vary .

In order to study the time development of the struc-
ture factor following initiation of shear flow, we use the
following procedure. We fix the magnitude and direc-
tion of the scattering vector q by setting the angles 6
and § to the desired values. Before shearing the sample,
we measure the quiescent scattering intensity
1(gq,7=0,t=0). Then we apply a constant shear rate y
and measure the scattered intensity as a function of
time. The time-dependent scattered intensity 1(q,y,t)
is measured and normalized to the quiescent scattering
intensity, 1(q,0,0). This is useful because I(q,y,t)/1(q,0,0)
is independent of the size of the scattering volume and
allows comparison of results at different angles. At T
= 15°, S(q,0,0) is nearly constant over the range of q
studied, so that S(q,y,t) O I(q,y,t)/1(q,0,0). Therefore,
for the purposes of reporting data, the static structure
factors we report are defined as

S(9.7.t) = 1(q,7,1)/1(q,0,0) )

Thus, the equilibrium static structure factor S(q,0,0) =
S(q) is defined to be unity. After a predetermined
amount of time, usually several minutes, we stop the
shear and wait for the system to relax back to equilib-
rium. We repeat this procedure for about 100 points in
the gx—qy plane and thereby obtain separate data files
for each value of g. Combining the data, we construct
a gx—qy plot of the structure factor at each time step
following the initiation of shear. The apparatus is
computer controlled and the above procedures are
automated. In generating two-dimensional plots of
S(ax.dy), we use the symmetry condition S(q) = S(—q).
This is important because it reduces the number of
points at which we must acquire data and thus mini-
mizes polymer degradation over the course of our
experiments. At a few selected values of g we measured
S(q) and S(—q) and verified that they were equal to
within the accuracy that our instrument allows. Be-
cause we map out S(q) in a point by point fashion, the
resolution of our measurements is relatively low. How-
ever, the structures that we observe are sufficiently
broad in q space that this procedure is able to capture
the important trends. Finally, we note that in plotting
the two-dimensional structure factor, we have used a
procedure which interpolates between data points as an
aid for visualizing the results.

IV. Sample

The system we study is polystyrene (PS) dissolved in
dioctyl phthalate (DOP). This system has a ® temper-
ature of 22 °C and phase separates below approximately
10 °C, making it convenient for study near room
temperature. The polystyrene was obtained from Pres-
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sure Chemical?® and has a relative molecular weight of
1.03 x 108 and a polydispersity of My/M, = 1.1. The
mass fraction of polymer is 4%. The experiments
reported here were carried out at 15 °C.

We monitored degradation of the sample by watching
for decreases in the scattering intensity upon repeating
certain experimental runs. Within the time scale of our
longest runs (about 1 h), degradation was small. How-
ever, over the course of numerous runs, we did find
degradation, and the sample was changed when the
scattering intensity of a given experiment diminished
by about 10%.

V. Rheology

When shear flow is initiated in an entangled poly-
meric liquid, the stress in the liquid initially increases.
For sufficiently low shear rates y, the stress rises
monotonically to its final steady state value. At higher
shear rates, the stress typically overshoots its ultimate
value before settling to its steady state stress. When
the overshoot in the shear stress is accompanied by an
overshoot in the normal stress, the overshoots are
thought to be caused by chain stretching.2* The cross-
over between low and high shear rates can be charac-
terized by the solution’s Weissenberg number, W = j1g,
where 1R is the longest stress relaxation time. Opera-
tionally, W is typically taken to be unity at the lowest
shear rate where a polymer solution shows significant
shear thinning.

There are also reports of double overshoots in mea-
sured stresses upon application of shear flow.25-%7
Systems which exhibit the second overshoot are gener-
ally near a phase boundary. In a recent study involving
2% PS in DOP of high molecular weight (M, = 2 x 107),
the first overshoot occurs at strains of about 10—25
whereas the second overshoot occurs at strains of about
500. The magnitude of the second overshoot decreases
strongly with increasing temperature.?® Mani et al.
studied a PS/PVME blend using a fluorescent technique
which is sensitive to local mixing and observed a
temporal correlation between a second overshoot and
demixing.2526

The rheological measurements were carried out in a
temperature-controlled cone and plate rheometer. In
Figure 2a, we show the transient shear stress for our
sample as a function of time upon initiation of shear
flow for several different shear rates. In the solutions
we study, a small (barely discernible) overshoot is first
observed at y = 60 s™1; no overshoot is observed at lower
shear rates (e.g. for y = 30 s71, the stress rises
monotonically). The overshoot becomes more pro-
nounced with increasing shear rate and is plainly visible
for y = 90 s™1. Figure 2b shows similar overshoot
behavior for the first normal stress as a function of time,
suggesting that there is some chain stretching. For the
largest shear rate shown in Figure 2 (y = 120 s71), the
shear stress shows a second smaller overshoot with a
minimum between the two overshoot peaks. The nor-
mal stress shows an overshoot followed by a broad
shoulder.

In Figure 3a we show the steady state viscosity # and
first normal stress coefficient W; as a function of shear
rate. Both transport coefficients exhibit significant
shear thinning above 7 ~ 100 s~%. Thus, the charac-
teristic stress relaxation time for these solutions is on
the order of 1 ~ 0.01 s. We do not observe shear
thickening behavior in our sample for the shear rates
studied, consistent with observations by Moldenaers et



Macromolecules, Vol. 29, No. 5, 1996

800 T T T T T

600

(Pa)

400+ -

shear stress

200 i

4000 T T T T T

3000

(Pa)

2000

1000

normal stress
/

t(s)
Figure 2. (a) Shear and (b) normal stress as a function of
time after the initiation of shear flow for shear rates of 30,
60, 90, and 120 s, in order, starting from the lowest curve in
each plot.
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Figure 3. (a) Viscosity (circles) and first normal stress
coefficient (squares) vs shear rate. The closed symbols are
steady state values; the open symbols represent the peak
values obtained during the transient startup. (b) Shear
(circles) and normal stresses (squares) vs shear rate. Note that
the normal stress exceeds the shear stress for shear rates
greater than 25 s7%. The solid lines through the data are only
a guide for the eye.

al.19 In Figure 3a, we also plot the shear-rate depen-
dence of the viscosity » and first normal stress coef-
ficient W calculated from the measured peaks in the
shear and normal stresses. These are nearly indepen-
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dent of shear rate. The steady state shear and normal
stress are plotted as a function of shear rate in Figure
3b. For y < 25 s71, the shear stress is greater than the
normal stress; for 7 > 25 s71, the situation is reversed.

V1. Steady State Light Scattering Results

Profound changes in both the transient and steady
state scattering patterns are observed as the shear rate
exceeds 7 ~ 60 s71. In Figure 4 we show the steady
state structure factor S(qy,qy,y) for shear rates of 10, 30,
and 60 s71. The contours in the figures indicate the
enhancement in scattering arising from the imposed
shear flow; a contour labeled “6” corresponds to a
scattered intensity 6 times that of its equilibrium value.

Upon initiation of shear flow at these shear rates, S(q)
increases monotonically at all g until the steady state
is reached. This is consistent with results of experi-
ments reported by van Egmond et al.'2 Our data
indicate that there is a shear-induced enhancement in
the amplitude of the naturally occurring concentration
fluctuations in all directions and at all length scales
probed in this experiment. A key qualitative feature
of the plots in Figure 4 is the existence of the peaks at
finite wavevector, which become more intense and
rotate clockwise as the shear rate is increased. The
existence of a peak in the scattering indicates that there
is a particular wavelength and direction of strongest
enhancement of the amplitude of the concentration
fluctuations. For the data shown in Figure 4, the
magnitude of the scattering vector at which the peak
occurs in the same, within experimental uncertainty,
for all three shear rates: Qpeak ~ 20 um~t. The length
scale associated with it is 27/Qpeak &~ 0.3 um. Previous
experiments have shown that for low shear rates, the
angle between the gx-axis and the peak in the first
guadrant is 45° and that as the shear rate increases, it
rotates clockwise into the fourth quadrant.2 The rota-
tion of the peak from the first to the fourth quadrants
at moderate shear rates coincides with the normal stress
dominating the shear stress. The rheological data in
Figure 3b indicate that the normal stress equals the
shear stress at y ~ 25 s~ for our samples. The ratios
of the normal to shear stresses for the shear rates of
10, 30, and 60 s~ are 0.4, 1.2, and 2.0, respectively.
Thus, from our discussion in section Il, we expect the
data for y = 60 s~! to be in the “moderate” shear rate
regime and the data at y = 10 and y = 30 s~ to be
intermediate between the “low” and “moderate” shear
rate regimes. The data shown in Figure 4a,b, obtained
at shear rates of 10 and 30 s, exhibit peaks very near
the gy-axis; this is consistent with the shear and normal
stresses making comparable contributions to the shear-
enhanced (or stress-enhanced) light scattering. The
data obtained at the higher shear rate of y = 60 s71,
shown in Figure 4c are in the normal-stress-dominated
regime and exhibit peaks which have moved well into
the second and fourth quadrants. These results are
consistent with previous studies and with the modified
HF model described in the background section.3~7

Our principle concern in this study is what happens
to the scattering pattern as the shear rate is increased
further. Figure 5 shows the steady state structure
factor at shear rates of y = 90 s™! and y = 120 s™L.
Because we observed long-lived transients (discussed in
the following sections), the sample was sheared for 1 h
before taking data. The data show strong peaks near
the gy-axis at Qpeak &~ 10 um~* for y = 90 s~* and at gpea
~ 5 um~! for y = 120 s71. These peaks correspond to
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Figure 4. Steady state structure factor S(qx.qy,y) at (a) y = 10 s7%, (b) y = 30 s7%, and (c) y = 60 s™1. The contours indicate the
enhancement in scattering arising from the imposed shear flow; a contour labeled “6” corresponds to a scattered intensity 6 times
that of its equilibrium value. The gray scale in this and subsequent figures is a relative scale which is meant only to serve as a

visualization aid.

Figure 5. Steady state structure factor S(qx,qy,7) at (a) y =
90 stand (b) y = 120 s
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Figure 6. Maximum value of the structure factor att =45s
along the gy-axis vs shear rate.

elongated concentration fluctuations which are oriented
parallel to the flow (x) direction with a characteristic
spacing along the gradient (y) direction of 277/qpcax = 0.6
um for y =90 s~ and 27/qpeak = 1.3 um for y =120 s72.
The value of gpeak and its shear rate dependence for y
> 60 st is in striking contrast to the data for y 60 <
s™L. Below 60 s™%, the magnitude of gpeax is essentially
independent of the shear rate, while above 60 s, gpeak
decreases dramatically with increasing shear rate.
Typically, gpeak is 2—3 times smaller for y = 60 s~* than
for y < 60 s71. This indicates a coarsening in the
characteristic length scale of the fluctuations by a factor
of 2—3 for y > 60 s™1.

There are also other features in our light scattering
data which indicate a qualitative change in the behavior
of these solutions when the shear rate exceeds ap-
proximately 60 s™1. First, the scattering intensity
dramatically increases above y ~ 60 s™1. As one
measure of this increased scattering, we plot in Figure
6 the maximum value of the structure factor at t = 45
s along the gy-axis as a function of shear rate. Note the
dramatic upturn in the scattering for y > 60 s™1.

Hashimoto and Kume!® have observed similar upturns
in the scattering in the velocity—vorticity (x—z) plane
above a critical shear rate (in what they call “Regime
IV”). In addition, they note that these upturns are
accompanied by dramatic changes in the light scattering
pattern. In their light scattering patterns they observe
a “dark streak” along the vorticity (z) axis which, for
shear rates smaller than a critical shear rate, is rather
broad and poorly defined. Above their critical shear rate
the dark streak becomes much narrower and more
sharply defined. This narrowing of the dark streak
could coincide with the coarsening of the concentration
fluctuations we observe in the x—y plane, though direct
comparison between data sets is not possible given the
difference in the molecular weights and concentrations
of the samples.

Second, we observe an abrupt change in how quickly
S(q) decays after the shear flow is turned off. For y <
60 s™1, S(q) decays to its equilibrium value more quickly
than we are able to resolve, i.e., in less than 1 s. By
contrast, for y > 60 s, S(q) typically takes 4—10 s to
decay and can take as long as several minutes to decay
depending on the value of q (the relaxation after
cessation behavior is discussed further in section VIIB).
Thus, there appears to be a critical shear rate 7. ~ 60
s~1 above which our samples exhibit qualitatively dif-
ferent behavior, including a coarsening of the structures
measured by light scattering, an increase in the light
scattering intensity, and a dramatic increase in relax-
ation times. These observations are consistent with a
growing body of experimental work in which dramatic
increases in the scattering are observed above a critical
shear rate.10-1214-16.22 Nevertheless, these phenomena
are still poorly understood.

What are the underlying causes of these changes?
What are mechanisms which determine the length scale
associated with gpeax and what determines how it
changes with shear rate? To make progress toward
answering these questions, we examine the temporal
development of the light scattering patterns as they
approach the steady state depicted in Figure 5.

VII. Transient Light Scattering Results

A. Commencement of Shear Flow. Upon com-
mencement of strong shear flow (y > y.), the evolution
of the structure factor becomes rich and interesting. We
can separate the transient response into two regimes.
In the first regime, there is an overshoot in the scat-
tering which essentially follows the overshoot observed
in the rheological data. In the second regime, the
scattering shows a coarsening behavior which occurs on
longer time scales. In the second regime, the coarsening
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Figure 7. Light scattering upon (a) initiation and (b) cessation
of shear flow for shear rates of 30, 60, 90, and 120 s%, in order,
starting from the lowest curve in each plot. These data were
taken at g = 20 um~* and 8 = 150°.

Table 1. Times of Peaks in Rheological and Light
Scattering Data

90s7?! 120s7?
first second first second
peak peak peak peak
shear stress 15 1.1 8.0
normal stress 2.4 1.7
light scattering 4.8 7.8

observed suggests a phase separation driven by shear
flow. While overshoots following the onset of shear flow
have been observed in both mechanical and optical
studies, 1171315 the coarsening behavior at longer time
scales has not been reported before.

The overshoot behavior is most conveniently observed
by monitoring the scattered intensity as a function of
time and shear rate at single points in g space. In
Figure 7a we show the light scattering intensity as a
function of time upon startup of shear. While these data
are taken for the point g = 20 um™1, 8 = 150° (gx =
—17.3um™1, g, = 6.8 um™1), the trends shown in Figure
7a are common to most of q space. The data show a
rapid increase in scattering immediately after the
commencement of shear. One important feature is the
strong influence in scattering when the shear rate
exceeds 60 s™1. Even more striking is the overshoot in
the light scattering intensity, analogous to those in the
rheological data for the higher shear rates. The shear
rate at which overshoots occur in the light scattering
corresponds very closely to the appearance of overshoots
in the rheology, i.e., at ¥ = 60 s~1. Moreover, the time
after the initiation of shear flow at which the peak
occurs decreases as the shear rate increases, just as for
the rheological data. The light scattering peak, how-
ever, occurs slightly after the peak in the shear stress.
Table 1 lists the times at which the various peaks in
the rheological and light scattering data occur. Since
a finite amount of time is required for the concentration
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fluctuations to develop, it is reasonable to conclude that
the peak in the light scattering represents the response
of the concentration fluctuations to the prior peak in
the stress (caused by chain stretching). This is consis-
tent with the HF theory as modified by Milner* to
include the finite time it takes the concentration fluc-
tuations to respond to the gradients in the stress field.
Eventually, both the light scattering pattern and the
stress settle into a steady state which does not decay
with time.

While the above plots of particular values of q versus
time are useful for observing the overshoot behavior, it
is more useful to examine the full scattering pattern to
visualize the coarsening behavior. In Figure 8a—d, we
present the evolution of the structure factor for a shear
rate of y = 90 s71, which is in the high shear rate
regime. At very early times after the shear flow
commences, we observe two peaks, one in the second
and the other in the fourth quadrant, as shown in
Figure 8a. The structure factor at this early time is
qualitatively similar to the steady state structure factor
seen previously at the shear rate of y = 60 s (see
Figure 4c). Several seconds after the first two peaks
appear, two new peaks emerge with one of the new
peaks in the first and the other in the third quadrant.
They are 20%—30% less intense than the peaks in the
second and fourth quadrants. All four peaks reach a
maximum intensity after about 17 s (see Figure 8c) and
then become less intense as S(q) approaches its steady
state configuration. Parts b—d of Figure 8 also show a
coarsening of the structure. In Figure 8b, the position
of the peaks occurs at g = 20 um~1, whereas in Figure
8d, it has moved to g = 10 um™1.

While the scattering patterns for y = 90 s~ shown
in Figure 8b—d have four peaks instead of the two
observed for y = 60 s™! in Figure 4, the patterns
observed for y = 90 s7! exhibit the same underlying
asymmetry as the one for y = 60 s~1, namely, stronger
scattering in the second and fourth quadrants than in
the first and third quadrants. This asymmetry is an
important feature of the original HF theory and has
served to distinguish the HF mechanism from other
proposed mechanisms.®8 With this in mind, we decom-
pose the scattering patterns for 7 = 90 s~1 into two
parts, one symmetric about the gy-axis and the other
antisymmetric about the gy-axis. Our hope is that this
will be useful for exploring the underlying mechanisms
which drive the coarsening behavior. Thus, we write
the structure factor as the sum of a symmetric compo-
nent S¢(q) and an antisymmetric component S;(q), that
is,

S(a) = S.(@) + S,(a) ®3)

with
S,(0) = 5(5(3,.a) + S(6,—a,) @)

and
S4(0) = 5(5(4,.9,) — S(@,—,)} )

We plot the antisymmetric component S,(q) in Figure
8e—h and the symmetric component S¢(q) in Figure 8i—I
for the same times that the full structure factor S¢(q)
is plotted in Figure 8a—d. Note that the antisymmetric
component shows remarkably little evolution in time
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Figure 8. Evolution of the structure factor upon initiation of shear flow at y = 90 s™. (a)—(d) The full structure factor, S(qx,qy)
at 2, 6, 17.5, and 45 s after the initiation of shear flow. (e)—(h) The antisymmetric part Sa(gx.dy) = ¥2{ S(0x.ay) — S(ax,—ay)} of the
structure factors shown in (a)—(d). (i)—(l) The symmetric part Ss(gx,0y) = /2{S(ax0y) + S(ax,—ay)} of the structure factors shown

in (a)—(d).

and, in particular, that the peaks observed in Figure
8h at t = 45 s are at essentially the same positions they
were when they initially appeared at t = 2 s, as shown
in Figure 8e. In fact, the only significant time evolution
in Sa(q) occurs during the overshoot period occurring
in the first 15 s after the initiation of shear flow.
Moreover, there is no clear evidence of coarsening
during this period; the changes in S,(q) are primarily
changes in the intensity and not in the positions of the
peaks.

By contrast, the symmetric component Ss(q) shown
in Figure 8i—I exhibits structures which continue to
show significant evolution over a period 45 s or more.
The most striking feature of S¢(q) is the degree to which
it coarsens over time. When the four symmetric peaks
first appear several seconds after the initiation of shear

flow, g, = 20 um~?; after 45 s the peaks have moved

to g, = 10 um~1. The 4-fold peak structure observed
in Sq(q) coarsens by nearly a factor of 2 in the first
minute after the initiation of shear flow.

The overall intensity of S,(q) is much weaker than
that of Sg(g). This indicates that the large enhancement
in scattering that we are observing above 7 is due
primarily to the new symmetric mode. In fact, the
overall intensity of S,(q) is comparable to the intensity
seen at 7 = 60 s,

These observations that S;(q,y,t) and Ss(q,7,t) develop
on very different time scales and exhibit very different

scattering intensities are excellent indications that the
mathematical decomposition we have performed has
physical significance. Thus, it appears that in addition
to the two-peak structure predicted by the modified HF
theory, there is a new 4-fold symmetric mode in S(q)
which emerges at high shear rates and slowly coarsens
over time. Patterns with a four-peak symmetry have
been observed in extensional flow by van Egmond and
Fuller.® In their case, however, the pattern is sym-
metric with respect to the extensional axis, which is not
the case for our study. Coarsening behavior was not
reported, even for their highest strain rate, so it appears
that the present experiment is probing a fundamentally
different phenomenon.

The structure factor S(q,y,t) continues to develop,
albeit slowly, on a time scale of longer than 5 min. In
Figure 5a we show the steady state scattering pattern
obtained after continuously shearing at y = 90 s~ for 1
h. For various reasons, it is not feasible to obtain the
full time dependence of the transient light scattering
data over this entire period of time, so we just show the
final steady state pattern. Nevertheless, we find that
after shearing the sample for 1 h, the four-peak struc-
ture observed in the first minute after shearing has
continued to develop in two significant ways: it has
coarsened further and, where there once were four
peaks, there are now only two which are clearly visible.
Apparently, the two peaks in the first and second
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quadrants have merged together to form a single peak
along the y-axis; the peaks in the third and fourth
quadrants have also merged in a similar fashion. In
fact, if we return to Figure 8i—I, we find that the peaks
in the first and second and in the third and fourth
quadrants of the symmetric part of the structure factor
are moving closer to each other and to the gy-axis as
time passes. Thus, we conclude that the two pairs of
peaks initially observed in Sg(q) do indeed merge into
a single pair of peaks along the gy-axis.

The enhanced scattering at small g near the gy-axis
corresponds to domains of enhanced polymer concentra-
tion which are strongly elongated after the flow direc-
tion. Itis important to understand that in simple shear
flow, structures which scatter along the gy-axis possess
a kind of stability or time independence which is not
possible for structures which scatter in other directions.
The key point is that fluctuations with nonzero gx
components are rotated and either stretched or com-
pressed by shear flow. As a result, the value of g for a
given fluctuation changes in time according to the
equation,

a(t) = do — Aty (6)

where gp and gxo are the initial values of the wavevector
and its x component, respectively.® This has the effect
of limiting the growth in the size of fluctuations which
have a finite gx component. For example, consider the
fluctuations shown in Figure 8 in the vicinity of the peak
in the structure factor located at (gx,dy) = (=5 «m~%, 15
um™1). Since the width Ag of the peak is approximately
5 um~1, a fluctuation passing through this region of g
space spends At ~ Ag/gxoy or approximately 0.01 s in
this region of high growth for shear rates on the order
of 100 s~1. After this time, the fluctuation is convected
to higher g values where the stress-induced enhance-
ment mechanism is too weak to compete with diffusion
and the fluctuation dies. Thus, the duration of time
over which such a fluctuation can grow is limited by
the finite amount of time it spends in the high-growth
region of g space.

Fluctuations with gx = 0 are unique, however, because
they are not converted in a shear flow. This means that
fluctuations near the gy-axis can spend arbitrarily long
periods of time in the high-growth region. Therefore,
convection by the shear flow cannot prevent the ampli-
tude of fluctuations near the qy axis from growing to be
quite large. Because of this property, it is useful to
examine the time evolution of fluctuations along the qy-
axis in more detail. In Figure 9 we show S(qy,7,t) for a
series of different times after the initiation of shear for
y = 90 s1. For clarity of presentation, the figure is
broken into two parts: Figure 9a shows data for times
less than 25 s and 9b shows data for times greater than
25s. Fort < 25 s (Figure 9a), the scattering increases
with time for nearly all gy. Soon after shear flow starts,
a very broad peak in the scattering develops in the
vicinity of gy &~ 15—25 um~1. The peak becomes more
pronounced with time and moves inward toward smaller
g. Fort > 25 s (Figure 9b), the scattering behavior is
quite different: the scattering intensity generally gets
weaker with time. The peak does continue to move
inward toward smaller qgy. After several minutes, a
steady state is reached with a peak in the vicinity of 5
um~1 Presumably, this length scale is determined by
a competition between the stress-induced growth forces
which cause fluctuations to grow and diffusion which
tends to dissipate and shrink fluctuations. As the shear
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Figure 9. Evolution of S(qy,7,t) upon initiation of shear flow
at y = 90 s7! (a) for times less than 25 s and (b) for times
greater than 25 s. The time for each curve is indicated in the
plots.

rate is increased, the position of the peak moves toward
smaller gy. When the shear rate is increased beyond
120 s71, it moves to values of gy, too small for our
instrument to resolve. Thus, it appears that the shear-
induced coarsening mechanism dominates the forces
which cause fluctuations to dissipate as the shear rate
is increased.

B. Cessation of Shear Flow. In Figure 7b we show
the scattered intensity as a function of time after the
cessation of shear for four different shear rates: 30, 60,
90, and 120 s™1. These data are taken for the point g =
20 um~1, B = 150° but show the trends that are common
to most of q space. The most striking feature is that
there is a dramatic increase in the relaxation time for
S(q,7,t) when j exceeds 60 s~1. The fast relaxation time
for the lower shear rates is consistent with our previous
studies.® The longer relaxation times of several seconds
observed for the shear rates in excess of 60 s~ are not
at all consistent with this previous result and show that
the system has been driven very far from its equilibrium
state.

Before discussing the new data, it is useful to review
the results of previous measurements of the relaxation
dynamics upon cessation of shear flow. At very low
shear rates, Dixon et al.?® found single-exponential
relaxation rates of the shear-enhanced light scattering
intensity which followed the equilibrium dynamics of
the concentration fluctuations. These equilibrium dy-
namics are described by a two-fluid model of Brochard
and de Gennes? in which the relaxation time is the sum
of two processes: a g-independent stress relaxation
component and a g-dependent diffusive component:

(o) = 7, + Diqz @)

where D is the cooperative diffusion coefficient for
concentration fluctuations and 7 is the stress relaxation
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Figure 10. S(qx.qy,y.t) for several times after the cessation of shear flow: (a) 1.0 s; (b) 2.0 s; (c) 10 s; (d) 30 s. The structure
factor just prior to the cessation of shear flow is shown in Figure 8d.

time. At moderate shear rates van Egmond et al.’?2 and
Dixon et al.?0 reported a two-stage relaxation process.
Both groups observed a rapid elastic response in which
the entire two-dimensional scattering pattern in the
shear plane, S(gx,qy.t), shifted in a manner which
represented a small reversal of the shear flow. They
attributed this reversal to stored elastic energy in their
polymer solutions. This rapid elastic response was
followed by a slower decay which became increasingly
nonexponential as the shear rate increased. Neverthe-
less, at moderate shear rates, the slowest relaxation was
well described by eq 7.

Nakatani et al.®! also measured the relaxation dy-
namics at moderate-to-high shear rates, but in the
velocity—vorticity (gx—q,) plane. They found behavior
similar to that described above. They observed a very
rapid response followed by a slower g-dependent expo-
nential relaxation back to equilibrium which could be
characterized by an equilibrium collective diffusion
coefficient. In contrast to the observations of van
Egmond et al.12 and Dixon et al.,?° they found that the
anisotropy of the scattering pattern in the velocity—
vorticity plane disappeared completely in the rapid
relaxation phase.

Returning to the data obtained in this study, we note
that when y exceeds 7., the scattering pattern remains
anisotropic for the full relaxation period and, more
importantly, the relaxation times become very much
longer than those observed below .. Closer examina-
tion of the relaxation of the full structure factor reveals
important properties not apparent in Figure 7b. In
Figure 10, we show the evolution of the structure factor
upon cessation of shear after the sample has been
sheared for 45 s at a shear rate of y = 90 s71; the
structure factor just prior to the cessation of shear is
shown in Figure 8d. One striking feature of these plots
is that while it takes a very long time for the structure
factor to relax back to its equilibrium state, it very
rapidly becomes symmetric with respect to the gy axis.
One second after the cessation of shear flow, the
scattering pattern (Figure 10a) shows only a small
remnant of asymmetry; after 2 s, no measurable asym-
metry remains (Figure 10b). Thus, the symmetric part
of the scattering we identified in Figure 8 exhibits a
much slower decay than does the antisymmetric part.
In fact, to within the accuracy of our data, the antisym-
metric part of the structure factor decays at the same
rate above and below the critical shear rate y. and is
consistent with the dynamics described by eq 7 as were
the previous studies of Dixon et al.®3° and van Egmond
et al.1? This is an important indication that the sym-
metric part of the structure factor represents a quali-
tatively new feature characteristic of the highly sheared
state.

S(q’%t)_l
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t(s)

Figure 11. S(q,y,t) for selected g after the cessation of shear
flow corresponding to y = 90 s™1. The inset shows the elastic
response and fast decay of the antisymmetric mode in the first
2 s after the cessation of shear flow. The two faster decaying
curves are characteristic of the relaxation of light scattering
away from the origin along the gy axis. After the initial elastic
transient, they exhibit single exponential behavior with decay
times of 6.2 s (gx = 10.6 um™1, g, = 10.6 um~1) and 8.4 s (gx =
5.0 um™, gy = 0.0 um™?), respectively. The more slowly
decaying curve was taken for gqx = 0.4 um™%, g, = 5.0 um™1,
and g, = 0 um~* and is well-described by a double exponential
with decay times of 6.2 and 130 s.

Another compelling indication of how far the system
has been driven from its equilibrium state is the
relaxation behavior of the static structure factor at very
small . Except at small wavevectors along the gy-axis,
the entire scattering pattern shown in Figure 10 relaxes
with a time constant of between 6 and 10 s, with only a
weak g dependence. For small wavevectors along the
gy-axis, however, strong scattering persists much longer,
and relaxes only after several minutes. This can be seen
in Figure 11 where we plot S(q) — 1 as a function of
time (recall that we have defined the equilibrium value
of S(q) to be unity) for three representative points in q
space. The data show that after an initial transient
elastic response lasting a couple of seconds, the data
decay monotonically. With the exception of the data
taken at small q along the gy-axis, the data at all q
decays as a single exponential. The time constant of
the decay is 5—10 s, with the data taken at smaller q
having a somewhat slower decay than the data taken
at larger g. The decay of the light scattering data along
the gy-axis, however, is best described by a double
exponential of the form A; exp(—t/t1) + Az exp(—t/ty).
The shorter time constant 7; is several seconds long,
comparable to the relaxation times observed for the data
off the gy-axis. The longer time constant is at least
several minutes long (its exact value is difficult to
determine because of temporal fluctuations in the
scattering and the long observation times required). We
associate these very long relaxation times with the
observed buildup of strong concentration fluctuations
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over very large length scales (~2 um), as indicated by
the small values of gy where this behavior is observed.
These long relaxation times suggest that the system has
been driven very far from its equilibrium state and could
be regarded as a signature of phase separation.

VIIIl. Is This Shear-Induced Phase Separation?

There have been many reports of shear-induced phase
separation in semidilute polymer solutions near the
equilibrium demixing phase boundary, i.e., for semidi-
lute © solutions. It is unclear, however, just exactly
what is meant by a “phase transition” in this context,
since the term is strictly defined only for a system in
equilibrium; a system subjected to an imposed shear
flow is, of course, out of equilibrium. For an equilibrium
system, a first-order phase transition is associated with
a discontinuous change in some observable property of
the system, for example, a change in concentration for
a polymer solution or a change in density for a gas—
liquid transition. The kinetics of this transition are
typically slow, being limited, for example, by mass or
thermal transport. Frequently, two phases coexist in
equilibrium with each other after having undergone a
phase transition. Furthermore, a system that has
undergone a first-order phase transition frequently
exhibits hysteresis accompanied by very long relaxation
times when the external constraints (e.g., temperature,
pressure, etc.) are returned to the single-phase regime.

In previous studies on semidilute ® solutions, it was
shown that weak shear flow does not produce an abrupt
change in any known properties of the system. More-
over, there is no hysteresis and the relaxation times
observed are characteristic of the equilibrium state.®
Nevertheless, it may be possible that an imposed shear
continuously shifts the transition to higher tempera-
tures, as is observed in simple binary liquid mix-
tures.32.33

By contrast, for the experiments reported in this
paper, there seems to be an abrupt change in several
sample properties when the shear rate is increased
beyond a finite critical shear rate y. of approximately
60 s~1. Consider the changes we have observed when
the shear rate is increased above 60 s~%. Just below y.
we observe two peaks in the structure factor occurring
in the second and fourth quadrants. These peaks
develop within a few seconds after the shear flow
commences. By contrast, above 7., we observe four
peaks in the structure factor; these four peaks cor-
respond to a new 4-fold symmetric mode which coarsens
over a time scale lasting more than several minutes.
Ultimately, the four-peak pattern develops into a pair
of peaks along the gradient direction. These peaks
correspond to layered structures with spacings on the
order of 1 um. When the shear flow is turned off, the
system returns to its equilibrium state, but again, the
time scales over which this occurs are vastly different
depending on whether or not the shear rate exceeds the
critical shear rate y.. For 7 < y., the system returns to
equilibrium in less than 1 s. For y > y., the time for
the system to return to equilibrium is very long and
depends strongly on . The relaxation at most q
observed with light scattering exhibits decay times
lasting many seconds. For small g along the gy axis,
the relaxation time is at least several minutes. Another
indication that these phenomena might be well-de-
scribed as a phase transition is the increase in scatter-
ing along the gy axis, particularly at small q,. The
observed time dependence of this scattering also bears
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at least a qualitative resemblance to scattering from a
system undergoing phase separation via spinodal de-
composition. Therefore, while we do not know of any
rigorous criteria for phase transitions in a nonequilib-
rium system, the phenomena reported here seem con-
sistent with a shear-induced phase transition.

IX. Conclusion

In these experiments we use light scattering to study
the transient and steady state structures that develop
in a semidilute polymer solution following initiation of
simple shear flow. We find a qualitative change in the
scattering behavior at a critical shear rate 7. and
interpret these results in terms of a phase separation.
In particular, we have identified a new kind of shear-
induced fluctuation, distinct from those described by the
HF mechanism which we have discussed in terms of a
possible shear-induced phase transition. While it is not
rigorously clear what the experimental signature of a
phase transition should be, there are several factors that
argue in favor of this kind of description, as outlined
above. We wish to emphasize the observed separation
in time scales between the shear-induced concentration
fluctuations (as seen at early times) and the coarsening
(observed at later times) which indicates that different
physical mechanisms are involved. We identify the first
mechanism as the HF effect and the second as a shear-
induced phase separation. The coarsening behavior
described above corresponds to the formation and
growth of these domains. However, the domains are
still under shear; thus the HF mechanism of enhanced
concentration fluctuations in a sheared single-phase
polymer solution still applies to these domains. This
explains the observation that the HF mechanism per-
sists at shear rates above 7.
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