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ABSTRACT: We investigated time evolution of structures induced by imposing shear flow on semidilute
solutions of high molecular weight polystyrene (PS) by means of both flow light scattering and rheology.
PS with weight-average molecular weights of 5.48 × 106 and 2.89 × 106 were dissolved in dioctyl phthalate
(DOP). After imposing shear flow with a shear rate γ̆ > γ̆c (the critical shear rate for shear-induced
concentration fluctuations), the unique butterfly-type scattering pattern appeared. The pattern had a
scattering maximum along the flow direction. The wave number qm and the intensity Im at the scattering
maximum decreased and increased, respectively, with time and eventually reached steady state values.
The rheological experiments that were carried out on the same solution under the same shear flow revealed
two stress overshoots. The second overshoot was found to be related to the development of butterfly
pattern and its time change, i.e., to the formation and growth of shear-induced structures.

I. Introduction

Effects of flow on miscibility and structures in poly-
meric systems have attracted a great deal of attention
in recent years. Even for studies concerning semidilute
polymer solutions only, many experimental and theo-
retical studies have been carried out.1-26 As far as our
studies are concerned, we have been investigating the
steady state behavior of semidilute solution of poly-
styrene (PS) with dioctyl phthalate (DOP) as a solvent
(PS/DOP).9,15,21,23,27 In this paper, we focus on a tran-
sient behavior of the PS/DOP systems, i.e., time evolu-
tion of the structure and stress developed after imposing
simple shear flow to the solutions, as observed by flow
light scattering and rheology.
For homogeneous semidilute solutions or melts in

which polymer molecules are well entangled with each
other, many rheological investigations have been re-
ported. Stress developments in such systems after onset
of shear flow have been studied minutely in the context
of nonlinear viscoelasticity.28-34 Upon imposing a high
shear rate to such systems, a transient overshoot was
observed in the shear and normal stress values. This
phenomenon reflects the transient deformation of poly-
mer chains and their subsequent relaxations within the
“tubes”, as proposed by Osaki et al.30 and Doi-
Edwards.32

In a recent rheological investigation, Magda et al.35
reported the transient rheological properties in DOP
solutions of high molecular weight PS. They showed
that at a high shear rate the transient stress value
exhibits two overshoots before reaching steady state.
They suggested that the first and second overshoots are,
respectively, due to chain stretching and shear-induced
demixing. In this work we aimed to confirm the
rheological behavior observed by Magda et al. for our
samples and to directly investigate the transient struc-

ture formed under shear flow by using time-resolved
light scattering.

II. Experimental Method
II.A. Samples. The three polymer solutions used in this

study consist of high molecular weight polystyrene (PS)
dissolved in dioctyl phthalate (DOP). DOP is a θ solvent for
PS, and its θ temperature (Tθ) is 22 °C.36 Characterizations of
the PS and their solutions are listed in Table 1. Concentra-
tions of our solutions are in the semidilute regime. The
methods used to prepare them are same as those used in
previous experiments.9,15,21,23,27
The PS/DOP system has a phase diagram of the UCST-type.

Figures 1 and 2 show, respectively, the cloud point curves of
the PS548/DOP and the PS288/DOP systems used in this
experiment. Crosses in the figures indicate the temperatures
at which our experiments were carried out. Clearly all the
samples are in one phase region in the quiescent state.
II.B. Shear-Light Scattering. Light-scattering meas-

urements under shear flow (shear-light scattering) are carried
out with the two rheo-optical apparatuses23,37 constructed in
our laboratory. One has a photodiode array as a one-
dimensional detector for quantitative scattering measure-
ments.37 Another has a screen and CCD camera as shown in
Figure 3. A He-Ne CW gas laser (λ0 ) 632.8 nm, 15 mW) is
used as an incident beam source. The scattering pattern on
the screen is captured by the CCD camera, and its NTSC video
signal is transferred to a personal computer (Macintosh with
frame grabber board), VCR, and so forth.23 Although the
scattering intensity data obtained by our CCD camera system
are qualitative, the system enables us to take two-dimensional
scattering profiles at short time intervals. The shear cell used
is the same for both apparatuses, a transparent cone-and-plate
type shear cell made of quartz with 80 mm diameter and 1°
cone angle. The optical setup and coordinate system used in
this study are the same as those previously used27 and shown
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Table 1. Polymer Solutions Used in This Work

polymer
code

Mw
a

(×10-6) Mw/Mn
a

concn
(wt %) c/c* b

cloud
pointc (°C) τR (s)d

PS548 5.48 1.15 3.0 20 16.3 5
PS548 5.48 1.15 6.0 40 13.8 50
PS288 2.89 1.09 8.0 40 12.8 140
a Mw andMn are weight-average molecular weight and number-

average molecular weight, respectively. b c*: overlap concentra-
tion. c The cloud points of the solutions were determined by the
same method as described elsewhere.9 d The longest stress
relaxation time measured from log η vs log γ̆ at the experimental
temperature specified in the text.
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in Figure 3. The velocity gradient exists in the plane Oxy,
where Ox is the flow direction. We send the incident beam
along the Oy axis, and the scattering profiles were detected
in the plane Oxz.
II.C. Temperature Control. The shear cell is covered by

a temperature enclosure in both apparatuses in order to
precisely control the sample temperature. The temperature
enclosure has a double-chamber construction into which
temperature-controlled air is fed, as shown in Figure 4. In
the present experimental study, the sample temperature was
controlled with accuracy of (0.3 °C at the incident beam spot
and within 1 °C variation along the radial direction. Before
experiments we checked the temperature accuracy by using a
specially made quartz plate in which three platinum resistance
thermometers were embedded along the radical direction. The
temperatures at the three points along the radial direction of
the cone-and-plate shear cell filled with the DOP were
measured by using the special plate. In order to make the
temperature variation along the radial direction of the shear
cell as small as possible, we used a metal pipe with holes for
the metal shafts holding the cone and the plate, as shown in
Figure 4. Through the holes the temperature-controlled air
is circulated in the inner chamber and the pipe. Other
temperature-controlled air is also circulated in the outer
chamber. As shown in Figures 3 and 4, a window of the
temperature enclosure for a scattered beam side has the shape
of a truncated circle in the side of the shaft attached to the
plate. Therefore scattering patterns are partially screened by
the window, and their second and third quadrants on the
detector plane are partially truncated (see the top view of the
temperature enclosure in Figure 3) as seen in the patterns

shown in Figures 6, 8, 9, and 12. For low-temperature
experiments of PS288/DOP systems, we fed dried cold air to a
temperature enclosure through an air-cooler set between the
air compressor and the temperature enclosure.
II.D. Rheology. Rheological behavior was measured with

a Rheometrics RMS800 mechanical spectrometer and RDA-II
dynamic analyzer at almost the same temperature as in the

Figure 1. Cloud point curve of PS548/DOP. Crosses in the
figure indicate the temperature and concentration at which
experiments with shear-light scattering and rheometry were
carried out.

Figure 2. Cloud point curve of PS288/DOP. A cross in the
figure indicates the temperature and concentration at which
experiments with shear-light scattering and rheometry were
carried out.

Figure 3. Schematic diagram of the experimental setup:
CCD camera with image capturing system, temperature
enclosure, cone-and-plate type shear cell to generate Couette
flow, and coordinate system used in this study. Note that the
coordinate system used here is identical to that commonly used
in this field but is different from the one we used in our earlier
work,8,9,15,21,23 which is based on a tradition in the field of
scattering. A top view of the temperature enclosure indicates
that a window for the scattered beam side screens the butterfly
pattern partially, causing asymmetrical appearance of the
butterfly patterns in Figures 6, 8, 9, and 12.

Figure 4. Cross-sectional view of the double chamber tem-
perature enclosure. Solid arrows indicate flow of temperature-
controlled air. The shafts holding the cone-and-plate are made
out of a pipe with holes, through which the temperature-
controlled air circulates in the inner chamber and the pipe.
Other temperature-controlled air is also circulated in the outer
chamber.
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shear-light scattering measurements. The rheological time τR
(the longest stress relaxation time or the reptation time) was
estimated for each solution used in this experiment (PS548/
DOP 6.0 wt % at 27 °C, PS548/DOP 3.0 wt % at 25 °C, and
PS288/DOP 8.0 wt % at 13.5 °C) from the shear rate γ̆c,rheo at
the intercept of two straight lines, one in the low-shear-rate
Newtonian regime and the other in the high-shear-rate shear
thinning regime, on a double logarithmic plot of steady state
shear viscosity and shear rate (τR ≡ 1/γ̆c,rheo). The results are
summarized in Table 1.

III. Results
III.A. PS548/DOP Systems. Figure 5 shows the

transient rheological properties of the PS548/DOP 6.0
wt % solution at 27.5 °C after the onset of shear flow of
a constant shear rate γ̆ ) 14.3 s-1. Both normal and
shear stresses (N1 and σ, respectively) showed two
overshoots on its approach toward steady state. The
second overshoot in normal stress is very conspicuous.
These trends are completely the same as those reported
by Magda et al.35 The first overshoot in shear stress
appears to occur prior to that in normal stress.
In order to investigate the structural origin of this

intriguing rheological behavior, we carried out the two-
dimensional scattering experiments using the shear-
light scattering apparatus with CCD camera described
in Figure 3, under almost the same conditions as that
used for the rheological measurements in Figure 5.
Figure 6 shows the time evolution of the scattering
pattern after the onset of shear flow of γ̆ ) 14.3 s-1 for
the PS548/DOP 6.0 wt % solution at 27.0 °C. The flow
direction (the Ox axis in Figure 3) is horizontal in the
figure. Here, annotations (c)-(l) with arrows in Figure
5 correspond to those in Figure 6 and indicate the time
when two-dimensional scattering patterns in Figure 6
were taken. In order to investigate in detail the
development of scattering patterns after the onset of
shear flow, we constructed contour patterns showing the
iso-intensity levels for the scattering patterns. In the
construction, we first smoothed the intensity fluctua-
tions in the original scattering patterns which arise from
the speckles in the patterns. Images (b)-(m) are the
contour patterns obtained up to 150 s after the onset of
shear flow. For comparison between the contour pat-
terns and the original scattering patterns, we show real
patterns (a) and (n) corresponding to contour patterns
(b) and (m), respectively.
The scattering intensity along the flow started to

increase at about 15 s (pattern (e)), and then the
butterfly pattern was clearly developed: its intensity

parallel to the flow direction increases and the “dark
streak” perpendicular to flow direction narrows. The
dark streak results from the fact that the scattered
intensity normal to the flow direction stays weak, almost
at the same intensity level as that in the homogeneous
solutions. After 50 s (patterns (k)-(m)), the butterfly
did not change much with time, which indicates achieve-
ment of a steady state.
To investigate the time evolution of the butterfly

pattern more quantitatively, we evaluated the scatter-
ing profiles parallel to the flow direction (Figure 7). They
are a part of the scattered intensity in the two-
dimensional scattering patterns which falls onto the
shaded area, as schematically illustrated in the inset
at the top right-hand corner of Figure 7. The scattering
intensity profiles shown are raw data subjected to no
corrections, and hence these profiles are considered to
be semiquantitative. The intensity at q e 1.5 × 10-4

nm-1 is very low, because a beam stop was set there.
From right after the onset of shear flow (0 s) to 50 s,
the scattered intensity increased by more than 1 order
of magnitude, the scattering peak appeared, and its
peak position moved to a smaller q with time. The
scattering profile at 50 s was almost same as that of
100 s. Therefore the butterfly pattern reached a steady-
state pattern after 50 s.
Figure 8 shows the plots of the transient normal (N1)

stress of the PS548/DOP 3.0 wt % solution at 24 °C after
the onset of shear flow of γ̆ ) 89.1 s-1. Note that the
stress level developed here is much higher than that in
Figure 5, because of a higher γ̆ and a lower temperature
than the corresponding values in Figure 5. Only the
normal stress data were shown, because the second
overshoot in normal stress was observed more clearly
than that in shear stress. We also included the devel-
opment of scattering patterns in terms of the contour
patterns in Figure 8. These contour patterns were
constructed in the same manner as in Figure 6 from
the original scattering patterns taken at the time
indicated by the arrow on the data line of normal stress.
The shear rate of 89.1 s-1 chosen is high enough that it
belongs to regime IV15,27 showing the anomalous rheo-
logical and scattering behavior (see Figure 2 of ref 27
for the same solution with the same concentration or
Figure 11, shown later, for the same solution with a
higher concentration). We will discuss later in section
IV.A about the anomaly in regime IV. Because of the
large γ̆ (89.1 s-1) imposed to the system, the normal
stress was so large that their values at the first and
second overshoots could not be properly detected: they
were saturated. At 3 s after imposing shear flow at
which the first stress overshoot was observed, no strong
scattering yet appeared and the intensity level was the
same as that in the quiescent homogeneous solution.
At around the time at which the second overshoot
occurred, a butterfly-like anisotropic scattering pattern
developed. Then the scattering intensity increased with
a further elapse of time, and a streak-like pattern
perpendicular to the flow direction appeared at ca. 50 s
after the onset of the flow. At this shear rate (89.1 s-1)
the steady state scattering pattern is a strong streaklike
pattern developed perpendicular to the flow direction
which is superposed on the butterfly pattern appeared
at larger angles, as shown in the contour pattern at 100
s.27 Comparison of the scattering patterns taken at a
much later time (though not shown in Figure 8) revealed
that this pattern at 100 s is the steady state pattern.

Figure 5. Plots of transient normal (N1) and shear stresses
(σ) of the PS548/DOP 6.0 wt % solution at 27.5 °C after the
onset of the shear flow of γ̆ ) 14.3 s-1.
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III.B. PS288/DOP Systems. In order to investigate
the time evolution of the butterfly pattern more quan-
titatively, we carried out the scattering and rheological

experiments for the PS288/DOP 8.0 wt % solution at
13.5 °C (∆T ) +0.7 °C, ∆T ) T - Tcl), i.e., at much lower
temperature than those for the PS548/DOP systems, as
shown in Figure 2. Because of small ∆T, the critical
shear rate, γ̆c, for the butterfly formation is also very
low.9 Therefore, we could observe the phase-separation
process under shear flow at a much lower shear rate
than the previous cases shown in Figures 5-8. In the
case of the lower shear rate, the time evolution of the
scattering profile and the shear-induced structure for-
mation are expected to occur more slowly, which facili-
tates a quantitative study on the shear-induced ordering
processes.
Figure 9 qualitatively shows the time evolution of the

butterfly pattern for the PS288/DOP 8.0 wt % solution
at 13.5 °C after the onset of the flow of γ̆ ) 0.0144 s-1,
where the flow direction is horizontal. These scattering
patterns were taken with photographic films. This
development of the butterfly pattern is similar to that
of PS548/DOP 6.0 wt % solution at 27 °C (Figure 6).
However the shift of the peak position and the spreading
of the butterfly wings with time can be more clearly
observed in Figure 9.
For quantitative studies of the time evolution of

scattering profiles, we used the shear-light scattering
apparatus with a 35-element photodiode array as a one-
dimensional detector. Using this apparatus we meas-
ured the time evolution of the scattering profiles parallel
to the flow direction, which enabled us to quantitatively
determine the time changes in the peak scattering
vector qm and the peak scattering intensity Im parallel
to flow. Figure 10a shows the time changes in qm and
Im of the PS288/DOP 8.0 wt % solution at 13.5 °C after
the onset of shear flow of γ̆ ) 0.0144 s-1, the data of
which were obtained simultaneously with the experi-
ment shown in Figure 9. Figure 10b shows the results
of transient rheological experiments on this sample
under the same conditions as the scattering experi-
ments. In this rheological experiment, the shear rate
imposed (0.0144 s-1) was so low that the first normal
stress was too small to be detected with sufficient
accuracy. On the other hand, the shear stress (σ) could
be accurately detected, showing the two overshoots as
indicated by the arrows in Figure 10b.

Figure 6. Time evolution of the scattering pattern of the PS548/DOP 6.0 wt % solution at 27 °C after the onset of the shear flow
of γ̆ ) 14.3 s-1. Images (a) and (n) are original scattering patterns, while others are contour plots of the scattered intensity
distribution calculated from original scattering patterns. The asymmetry of the patterns with respect to the horizontal axis is
due to an artifact induced by the window of the temperature enclosure as described in section II.B.

Figure 7. Time evolution of the scattering profiles along the
flow direction which were calculated from the 2D scattering
patterns shown in Figure 6.

Figure 8. Time evolution of the scattering pattern and the
normal stress (N1) of the PS548/DOP 3.0 wt % solution at 24
°C after the onset of the shear flow of γ̆ ) 89.1 s-1. This γ̆ is
much greater than γ̆a. The asymmetry in the contour patterns
is for same reason as that in Figure 6.
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IV. Discussion
IV.A. Steady State Structures and Properties as

a Function of γ3 . Before we discuss the transient
structures and properties, it would be useful to briefly
review steady state structures and properties.15,21,27
Figure 11 shows the steady state scattering and rheo-
logical properties of the PS548/DOP 6.0 wt % solution
at 27 °C as a function of shear rate. I|/(γ̆)/I|(γ̆)0) and
I⊥(γ̆)/I⊥(γ̆)0) are, respectively, the integrated scattered

intensity at a given γ̆, normalized with respect to the
integrated intensity of the quiescent solution, parallel
and perpendicular to the flow direction. The definition
of integrated intensity was given in previous papers.9,27
η and ψ1 are the shear viscosity and the coefficient of
the first normal stress difference, respectively. Figure
12 shows a characteristic change in the steady state
scattering pattern with γ̆, corresponding to the changes
shown in Figure 11. Patterns (a)-(d) of Figure 12 were
obtained at γ̆ marked (a)-(d) in Figure 11, and the flow
direction is horizontal. We previously reported the
steady state structure and anisotropic concentration
fluctuations, in the PS/DOP solutions under shear flow
by a direct visualization with shear microscopy, i.e., by
in situ observation with optical microscopy.21,23 The
observed changes in the light scattering patterns and
real-space structures with γ̆ were summarized in Figure
10 of ref 27.

Figure 9. Time evolution of the scattering pattern of the PS288/DOP 8.0 wt % solution at 13.5 °C after the onset of the shear
flow of γ̆ ) 0.0144 s-1. These scattering patterns were taken by photographic films.

Figure 10. (a) Time changes in peak scattering vector qm and
peak scattering intensity Im of the PS288/DOP 8.0 wt %
solution at 13.5 °C after the onset of shear flow of γ̆ ) 0.0144
s-1. The values qm and Im were quantitatively measured with
a photodiode array detector. (b) Plot of transient shear stress
(σ) of the same sample under the same conditions as in (a).

Figure 11. Shear viscosity, η, coefficient of the first normal
stress difference, ψ1, normalized integrated scattered intensity
parallel and perpendicular to flow, I|(γ̆)/I|(γ̆)0) and I⊥(γ̆)/
I⊥(γ̆)0) for the PS548/DOP 6.0 wt % solution in steady state
shear flow at 27 °C. γ̆c and γ̆a are the critical shear rates for
the onset of the shear-enhanced concentration fluctuations and
of the anomalies in the rheological and scattering behavior,
respectively.
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The shear-rate dependence of the scattering and
rheological behavior can be classified into four regimes,
as shown in the top margin of Figure 11; regime I at γ̆
< γ̆c, where γ̆c is the critical shear rate for the shear-
enhanced concentration fluctuations or phase separation,
and regimes II-IV at γ̆ > γ̆c. In regime I, the scattering
and concentration fluctuations are essentially identical
to those of homogeneous semidilute solutions, and
rheological behavior is almost that of Newtonian fluid.
In regime II, a unique butterfly-type scattering pattern
appears with a dark streak perpendicular to the flow
direction. The scattered intensity I| is increased by
about 2 orders of magnitude, but I⊥ is still weak. In
regime III, I// reaches nearly a steady value but I⊥ still
increases. Thus the butterfly pattern changes in such
a way that its wings open and the dark streak narrows.
In regimes II and III, η and ψ1 decrease with increasing
γ̆, i.e., shear thinning occurs.
In regime IV (at γ̆ > γ̆a, where γ̆a is the second critical

shear rate or the critical shear rate for the onset of the
anomalous behavior), the intensities I| and I⊥ further
increase and the butterfly pattern changes into the two-
point pattern elongated normal to the flow (the tendency
being especially remarkable in PS548/DOP 6.0 wt %)
with a broad intensity maximum along the flow. Then
at much higher shear rate in regime IV, a strong bright
streaklike pattern oriented perpendicular to the flow
appears at small-angle regions as seen in Figure 12d.
This streaklike pattern is superposed on the two-point
pattern at large q regions. These anomalies in the
change of the scattering pattern with γ̆ are closely
related to anomalies in rheological behavior: Both η and
ψ1 turn and begin to increase in regime IV. In a
previous report15 for the PS548/DOP 6.0 wt % solution,
we stated that there is no anomaly in η even in regime
IV (though there is a definite anomaly in ψ1), because
the first overshoot of shear stress decays to the level
expected from the γ̆-dependence of η in the lower γ̆
regime, if the solution is kept under shear. However
we found that this solution exhibits further the second
overshoot on its approach toward steady state, if the
solution is kept under shear even longer, and that the
steady values are larger than those reported previously.
Therefore this solution was found to exhibit the anomaly
in both η and ψ1, as shown in Figure 11 and a report
Yanase et al.12
IV.B. Transient Behavior in PS548/DOP Sys-

tems. Figure 6 indicates that the butterfly pattern
starts to grow at ca. 15 s after the onset of shear flow of
γ̆ ) 14.3 s-1 for the 6.0 wt % solution. Furthermore,
from Figure 5 we find that this change occurred after
the first stress overshoot and near the minimum in N1

in the plot of logN1 vs t. Further comparison of Figures
6 and 7 with Figure 5 shows that the butterfly pattern
reached almost steady state after the second stress
overshoot, i.e., at >50 s.
The trends found above are schematically sum-

marized in Figure 13 where the changes in the light-
scattering patterns, the real-space structures, and the
normal stress with time after the onset of a constant
shear rate are schematically shown and classified into
three regions. First, some incubation time exists from
the onset of shear flow to evolution of the butterfly
pattern for the q window covered in our light-scattering
experiments (part a). Note that the structure develop-
ment occurs at around a time at which N1 becomes
minimum after the first stress overshoot (part b).
Furthermore the system reaches steady state after the
second overshoot. The steady state scattering pattern
and structures at this shear rate of γ̆ ) 14.3 s-1 are
shown in part c. Note that part d refers to the case in
which the imposed shear rate γ̆ is much higher than γ̆a
(e.g., 50.0 s-1 in Figure 12d). As the steady state is

Figure 12. Steady state scattering patterns at various shear rates for the same solution as in Figure 11. Pattern d was taken
with a shorter exposure time than the other patterns. The asymmetry of the LS patterns is due to the same origin as that in
Figure 6.

Figure 13. Schematic representation of transient changes in
the butterfly-type light-scattering pattern, the microscope
(real-space) image for the concentration fluctuations, and the
normal stress after the onset of the flow at a constant shear
rate γ̆. The dark and bright regions in the microscope images
correspond to polymer-rich and polymer-poor regions, respec-
tively. The angle µ on the scattering pattern indicates azi-
muthal angle. Parts a and b represent the incubation state
and the early stage of the shear-induced phase separation. In
the case of a low imposed shear rate satisfying γ̆c < γ̆ < γ̆a,
the steady state is represented by part c and the change from
parts a and c corresponds to a growth of the phase-separated
structures. In the case of a high imposed shear rate, the steady
state is represented by part d, while the growth of the
structures by the change from part b to c and finally to d.
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approached (from (b) to (c) in Figure 13), the butterfly
wings become wider, giving rise to a thinner dark streak
normal to flow. The corresponding schematic real-space
images, i.e., real structures of the sample under flow,
are shown beneath the scattering patterns. The dark
and bright regions correspond to polymer-rich and
polymer-poor regions, respectively. Right after the
onset of the evolution of the butterfly pattern, the wave
vectors k for the Fourier modes of the shear-enhanced
concentration fluctuations are spread over a narrow
range of orientation angles around the flow direction;
that is, the fluctuations are enhanced primarily only
along flow. Therefore the scattering pattern spreads
over a narrow azimuthal angle, µ, around µ ) 0°. As
time elapses the wave vectors k spread over a wider
angular range around the flow direction, and hence the
butterfly wings become wider.
Figure 8 for the case of a high imposed shear rate of

γ̆ > γ̆a also indicates that the scattering pattern starts
to grow after the first stress overshoot. In the beginning
of the development of the scattering pattern, the shape
of anisotropic scattering pattern is butterfly-type. How-
ever, the steady state scattering pattern is the strong
streaklike pattern at small q regions superposed on the
two-point pattern at large q regions. These develop-
ments of scattering patterns are very similar to those
under steady shear flow with increasing γ̆ as shown in
Figure 10 of ref 27. The development of the transient
scattering and structure at the high shear rate is also
represented schematically by Figure 13. However, it
should be noted that at this high shear rate the steady
state scattering pattern and structures are given by part
d instead of part c. Although the steady state is
different, the time evolution is also classified into three
regions, i.e., incubation, evolution, and steady state
regions. The early stage of the structure development
at the high shear rates (γ̆ > γ̆a) (whose steady state
pattern and structure are given by Figure 13d) is same
as that at the low shear rates (γ̆c < γ̆ < γ̆a) (whose steady
state is given by Figure 13c). It occurs after the first
stress overshoot and around a time at which the stress
becomes minimum (part b). The structure growth and
evolution of the butterfly patterns after the onset of the
phase separation are shown in parts b and c. As shown
in Figure 13d, however, the steady state structure has
long strings aligned parallel to the flow (part d). It is
believed that these strings themselves have internal
concentration fluctuations along their axes. The strings
give rise to the strong streaklike pattern at small q
regions and the internal concentration fluctuations are
responsible for the two point pattern at large q regions.27

IV.C. Transient Behavior in PS288/DOP Sys-
tems. Figures 9 and 10 indicate that the scattering
intensity of the butterfly patterns started to increase
after 300 s, shortly after the first overshoot at ca. 170 s
(see arrow in Figure 10b). After that, log Im increased
and log qm decreased almost linearly with increasing
log t (see Figure 10a). This behavior in the time
evolution of Im and qm suggests a slow ordering process
of the structures in the solution after the onset of
constant shear flow. This ordering process is very
similar to that in spinodal decomposition in thermody-
namically unstable solution without shear flow, except
for the fact that the slopes in log Im and log qm versus
log t are larger than those in the spinodal decomposition
in quiescent solution. This result may strongly suggest
that the butterfly patterns reflect the structure forma-
tion as a consequence of “shear-induced phase separa-

tion” rather than the shear-enhanced concentration
fluctuations in single phase. The evolution of Im and
qm stopped, and thus the system has reached the steady
state at ca. 2000 s. During the phase separation and
the structure-ordering process, the shear stress decays
after the first overshoot and the second overshoot (see
the arrow in Figure 10b) appears before the formation
of the shear-induced steady state structures. The
steady state is achieved, because structures above a
certain size would be broken under shear flow and the
broken structures tend to grow due to the shear-induced
thermodynamic instability of the solutions.
IV.D. Comparison of the Transient Behavior in

PS548/DOP and PS288/DOP Systems. The scatter-
ing and rheological behaviors in the PS288/DOP system
is essentially same as those of the PS548/DOP system.
However the transient behavior is more clearly resolved
in the former than in the latter, because of the slower
evolution of the structure and properties in the former.
From the onset of shear flow to near the first overshoot,
the scattering intensity was found to hardly increase
with time; therefore the shear-flow-induced structures
are not expected to be developed. Furthermore the
strain value γ ()γ̆t) at the maximum of the first
overshoot in the PS288/DOP system (Figure 10b) is ca.
2.5. The corresponding strain values in the well-
entangled homogeneous polymer solutions or polymer
melts were reported to be typically in the range of
2-3.28,32,34 Thus it is clear that the first overshoot is not
necessarily due to the phase-separated structure. The
origin of the first overshoot is probably the same as that
encountered in normal, well-entangled homogeneous
polymer solutions or melts subjected to large shear
deformation and may be ascribed to the transient
stretching of polymer chains and their relaxations
within the tubes.30,32

The transient stretching of polymer chains may be
more or less uniform, thus giving rise to no remarkable
concentration fluctuations and hence scattering pat-
terns. The overstretched chains tend to be relaxed
through slippage of the entanglement couplings, which
causes the decay of the first stress overshoot. This
process is accompanied by the shear-induced concentra-
tion fluctuations due to the coupling of stress and the
concentration fluctuations as postulated theoretically
(the so-called elastic effect5-7) and as proposed experi-
mentally (the so-called onset of the butterfly forma-
tion3,9,11,12). The concentration fluctuations further grow
at a certain time after the onset of flow as shown in the
changes in the butterfly patterns (Figures 6, 8, 9, and
13) and in the scattered intensity profiles parallel to flow
(Figure 7). This structure growth may be responsible
for the second overshoot. The overgrown structures will
be burst by shear, but broken structures will grow due
to the shear-induced thermodynamic instability of solu-
tions. The burst and growth eventually give rise to
steady state structures and stress. However an initial
growth-burst process may give rise to a big effect on
rheological properties, resulting in the observed second
overshoots in shear and normal stresses.
IV.E. Comparisons with Earlier Reports. In this

work we confirmed the postulate proposed by the
rheological studies of Magda et al.35 directly by means
of the shear-light-scattering studies. Thus we conclude
that first and second overshoots are due to the chain
stretching followed by relaxation and the shear-induced
demixing, respectively.
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We very recently came across the report by Migler et
al.26 which was concerned with the transient rheology
and shear-light-scattering experiments very similar to
ours. They observed a very weak second overshoot in
shear stress only at the highest shear rate (γ̆ ) 120 s-1)
employed in their experiment. The overshoot is so weak
that a minimum of shear stress is only weakly discern-
ible at ca. 8 s (see Figure 2a26). The weak overshoot is
due to low molecular weight of PS (MW ) 1.03 × 106)
and low concentration (4 wt % DOP solution) compared
with our experiment. Though in our case the scattered
intensity increased continuously with time as shown in
Figures 7 and 10a, they found that the intensity at
particular scattering vector gave an overshoot at ca. 8
s for γ̆ ) 120 s-1 (see Figure 7a and Table 1).26 The
difference may be attributed to that in the plane of light
scattering observation, i.e., xz (the velocity-neutral
axis) plane in our case and xy (the velocity-velocity
gradient) in their case. The fact that the scattered
intensity becomes strong at the minimum in the shear
stress vs time may be consistent with our result. Our
conclusion about the origin of the first and second
overshoots agrees with theirs.

V. Summaries

We can classify the time evolution of the butterfly
pattern and the concentration fluctuations or phase-
separated structures in the sheared solutions into three
time regions. There is an incubation time between the
onset of shear flow and the development of the butterfly
pattern. During this incubation period, the first stress
overshoot was observed, probably due to the instanta-
neous, more or less uniform deformation of entangled
polymer chains and their relaxations within the tubes
as proposed by Osaki et al.30 and Doi-Edwards.32 In our
system the relaxations involve enhanced concentration
fluctuations. Therefore the first overshoot ends with
the onset of the butterfly pattern: the butterfly pattern
appears at about the time when the stress reaches a
minimum value after the first stress overshoot. It
changes with time due to a further growth of concentra-
tion fluctuations or the shear-induced structures. This
structure growth is responsible for the second stress
overshoot. Finally the system attains the shear-rate
dependent steady state structures after the second
overshoot, due to a dynamical equilibrium between the
growth of the structures driven by the shear-induced
instability of the system and the burst of the overgrown
structures driven by shear.
The first overshoot in our system is probably associ-

ated with the same mechanism as that proposed by
Osaki et al. and Doi-Edwards for homogeneous semi-
dilute polymer solutions or polymer melts subjected to
a large deformation. The second overshoot in our
system is confirmed to be due to growth of the phase-
separated structures, before reaching shear-rate de-
pendent steady state structures.
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