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ABSTRACT: The structures of a semidilute polymer solution, comprised of ultrahigh molecular weight
polystyrene as a solute and dioctyl phthalate as a solvent, under oscillatory shear flow were investigated
by means of small-angle light scattering. The system exhibited a double-winged anisotropic scattering
pattern called “butterfly”, characteristic of shear-induced phase separation known to occur under a
continuous shear flow. Under oscillatory shear flow the phase separation strongly depended on both a
strain amplitude yo and an angular frequency w, being observed inside a quasi-parabolic line in the space
of yo vs log w. The system was brought to a dynamically stationary state in about 20 min after applying
the shear flow, and the shear-induced structures changed with a strain phase ¢ of the oscillatory shear.
At a given ¢ and vyo, the shear-induced structures strongly depended on w: the characteristic wavelength
of the structures decreased with increasing w, and the mean square of the concentration fluctuations

was a maximum at a certain w.

I. Introduction

It is well-known that entangled polymer solutions in
a single phase exhibit enhancement of concentration
fluctuations or phase separation when shear flow is
imposed. This is called shear-induced concentration
fluctuations and/or phase separation, and recently a
great deal of attention has been focused on this intri-
guing nonequilibrium phenomenon to gain insight into
the underlying physics.

In experimental studies, Hashimoto et al. studied by
small-angle light scattering the time evolution of shear-
induced structures after imposing shear flow and the
shear-rate-dependent structures after the achievement
of steady state.!™* A periodic structure developed by
shear flow was visualized in situ under optical micros-
copy. Two-dimensional Fourier transform of the micro-
graph proved that the observed structure is the origin
of a “butterfly pattern”, which is the unique scattering
pattern typical of shear-induced phase separation.®

In theoretical studies, Helfand and Fredrickson ar-
gued that this phenomenon is a shear-enhanced con-
centration fluctuations as a consequence of the coupling
between the stress field and the polymer concentration
field.® Onuki introduced a tensor variable to represent
chain deformation and suggested a dynamic model and
applied it to this phenomenon.”~10

Despite these experimental and theoretical efforts, we
are still far from a complete understanding of the
mechanism of this phenomenon. A key to understanding
this phenomenon is as follows. In a quiescent semidilute
polymer solution, there are thermal concentration fluc-
tuations, as indicated in Figure 1, giving rise to regions
of higher and lower polymer concentrations which have
a higher and lower concentration of entanglement
points, respectively. When shear flow is imposed on such
a system, the stress tends to become higher in the more
entangled regions because of the coupling between
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Figure 1. Schematic representation of the origin of shear-
induced phase separation.

concentration fluctuations and stress. The stress or the
elastic free energy stored by deformation of the en-
tangled polymer chains is relaxed by disentanglement
when the shear rate y is lower than the terminal
relaxation rate T, 1. However, if  is higher than 7,71,
the elastic free energy is released only by the solvent
squeezing from the more entangled regions.”~10 The
higher the concentration, the larger the stored elastic
free energy and hence the more is the solvent squeezing.
As a result, the concentration fluctuations are built up
under shear, if y is larger than a critical shear rate y.
of the system (yc = tm1). If y is increased above j., a
shear-induced phase separation is eventually brought
about.

So far, most of the experimental studies have been
carried out by means of small-angle light scatter-
ing,1=411-17 optical microscopy,>1* and rheology mea-
surements*1819 at a constant shear rate (continuous
shear flow), and only a few attempts have been made
to apply other kinds of shear field, e.g., an oscillatory
shear flow. These kinds of shear flow are different in
that the strain y of the continuous shear flow increases
in proportion to time with y constant, while y and y of
the oscillatory shear flow change sinusoidally with a 90°
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phase shift. We shall point out below essential differ-
ences between the continuous and oscillatory shear flow
concerning structural changes by shear flow.

Suppose that a Fourier mode of concentration fluc-
tuations having wavelength A has the relaxation rate
771(A). When a continuous shear flow of shear rate y is
imposed on a system, all the Fourier modes of the
concentration fluctuations having 7=(A) < y are affected
by the shear flow. On the other hand, when an oscilla-
tory shear flow of angular frequency w is imposed on a
system, only the modes of concentration fluctuation
having t71(A) ~ o would be dominantly affected by the
shear flow. This is because the modes of the concentra-
tion fluctuations having t71(A) > o decay before they
are deformed by the shear flow, and hence they are
unaffected by shear, while the modes of the concentra-
tion fluctuations having t71(A) < w cannot respond to
the applied deformation since the concentration fluctua-
tions cannot be enhanced as a result of a solvent
squeezing mechanism as will be detailed later. Thus,
an oscillatory shear flow picks up a response of particu-
lar modes of the concentration fluctuations, while a
continuous shear flow does not.

In addition, an oscillatory shear experiment provides
more information than a continuous shear experiment.
For example, an oscillatory shear experiment (dynamic
viscoelastisity) gives us a storage modulus G’ and a loss
modulus G", while a continuous shear experiment gives
us only a shear modulus. Angular frequency depend-
encies of G' and G" provide us a relaxation spectrum, a
most important rheological property. Therefore, we
might get further information on the static and dynamic
properties of shear-induced structures using an oscil-
latory shear flow if we can measure the phase lag
between the strain and the stress or between the strain
and the scattering.

For reasons mentioned above, we believe that the
study under oscillatory shear flow plays an important
role in understanding of physics of shear-induced con-
centration fluctuations and/or phase separation. We
employed a semidilute solution of polystyrene prepared
with dioctyl phthalate (DOP) as a solvent. The solution
has the same characteristics as that used in the
continuous shear flow experiments.3411 We report here
the results obtained with small-angle light scattering
experiments. Combined rheological and structural analy-
ses will be taken up in companion papers.

Whether the phenomena to be discussed are at-
tributed to the shear-induced phase separation or the
shear-induced concentration fluctuations in a single
phase is immaterial in this paper. However, the phe-
nomena can be regarded as a phase separation at least
for some cases, judging from the following results.

First, we have performed experiments under oscilla-
tory shear flow using small-angle neutron scattering
(SANS), which enables us to observe Fourier modes of
the fluctuations in the q region larger than 0.02 nm1.
We have found that a butterfly pattern could be
obtained even in the SANS q region under high-angular
frequency oscillatory shear. We have found that the
scattering profiles parallel to the flow direction were
described by a linear combination of a Ornstein—Zernike
function, which expresses scattering from concentration
fluctuations in a single phase, and a squared Lorentzian
function, which gives scattering from random two-phase
structures. This result signifies that the shear-induced
structures have an interface between two phases rich
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Figure 2. (a) Schematic diagram of the experimental setup.
The ox axis is parallel to the shearing direction, the oy axis to
shear gradient direction, and the oz axis to the vorticity or
neutral direction. The incident beam was sent along the oy
axis, and the two-dimensional scattering pattern is detected
by a CCD camera with its detector plane set parallel to the
oxz plane. (b) Due to the optical setup, the q range for the
scattered beam is limited inside the half-circle with a radius
of g =3.43 x 1073 nm™L..

and poor in polymer concentration with a finite interface
thickness.?!

Second, we have already reported small-angle light
scattering studies of the time evolution of shear-induced
structures after onset of a continuous shear flow of a
constant shear rate.* After some incubation period, a
scattering peak appeared, the magnitude of the scat-
tering vector at the scattering peak decreased with time,
and the peak intensity increased with time. These
values finally reached the steady-state values. These
behaviors are very similar to the system undergoing a
phase separation via spinodal decomposition for a
thermodynamically unstable solution without shear.

1. Experimental Method

A. Sample. Ultrahigh molecular weight polystyrene (PS),
coded PS548, used in the present study had a weight-average
molecular weight M, of 5.48 x 10° and a heterogeneity index
Mw/M, = 1.15, where M, is the number-average molecular
weight. A solution containing 6.0 wt % of PS548 was prepared
using DOP as a solvent, which is a © solvent for PS at 22 °C.
The concentration is about 40 times the overlap concentration
c*.

The solution has an upper critical solution temperature
(UCST) type phase diagram with a cloud point of 13.8 °C. The
experiments were carried out at 27 °C, at which the solution
is in a single phase in quiescence.

B. Shear Light Scattering. Figure 2a shows a schematic
diagram of the shear small-angle light scattering apparatus
used in this experiment where the flow is imposed along +ox
axis and the velocity gradient exists parallel to oy axis. Details
of this apparatus was reported elsewhere.? It consists of a cone
and plate made of quartz with radii of 40 mm and a cone angle
of 1.0°. The cone and plate containing the sample are covered
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by a temperature-controlled enclosure. A He—Ne laser with a
wavelength of 632.8 nm is used as an incident beam source.
The incident beam is sent along the velocity gradient direction
(oy axis). The scattered light is captured by a cooled charge
coupled device (CCD) camera as a two-dimensional detector,
the detecting plane of which is set parallel to the oxz plane.

Due to the optical setup of this apparatus, the wavenumber
range or g range is limited, where q is defined by q = (47/1)
sin(0/2) with A and 6 being the wavelength of light and the
scattering angle in medium. As shown in Figure 2b, the q
range we can observe exists inside the half circle with the
radius of g = 3.43 x 1073 nm™L.

Scattering experiments were performed as follows. Oscilla-
tory shear flow of a fixed strain amplitude y, and an angular
frequency w was imposed on the system. The strain y and the
shear rate y are given by the following equations as a function
of w and time t.

7(t) = yosin wt = y,sin ¢ (1)
y(t) = yow COS wt = y,w coS ¢ (2)

where ¢ is the strain phase angle. If the shear flow expressed
by egs 1 and 2 was imposed on the solution, the oscillating
shear stress o(t) and the scattering intensity 1(q;t) were
developed. Here, g denotes a scattering wave vector whose
amplitude is defined earlier. Taking into account nonlinearity,
o(t) and I(q;t) are generally expressed by Fourier series

o

o(t) = Zoi sin[oit + 9,;(t)] (3)

o

I(g;t) = 1) + ) AlL(q;0) sin[w;t + 6, ;(1)] (4)

where i, wi, dsi, O1i, and Ali(q;t) are the stress, angular
frequency, phase difference between the strain and the stress,
phase difference between the strain and the scattering inten-
sity, and excess scattering from the quiescent state for the ith
Fourier mode, respectively, and Is(q) is the static scattering
intensity at the quiescent state at g. In about 20 min after
applying the shear flow, the dynamic response of the scattering
intensity becomes stationary with t, which we call a dynamic
steady state. We measured the scattering patterns and their
intensity distributions at the dynamic steady state as a
function of yo and w and determined whether the shear flow
induces a phase separation. In the case when the shear-
induced butterfly pattern was observed, the scattered intensity
distribution was measured at a particular strain phase interval
between ¢ — A¢ and ¢ + A¢ at the dynamic steady state. Thus,
we limit our discussion to the dynamic steady-state structures
induced by the oscillatory shear flow in this paper. Time
evolution of the structures after onset of an oscillatory shear
flow will be reported elsewhere.

C. Rheological Properties. We measured the linear
dynamic rheological properties and the steady-state viscosity
n of the system at the same temperature (27 °C) as that at
which the light scattering experiments were carried out. The
strain amplitude yo used here was 0.2, which is within the
limits of linear viscoelasticity. Figure 3 shows the absolute
amplitude of complex dynamic shear viscosity |#*|, the storage
modulus G', and the loss modulus G" of the solution as a
function of w and 5 as a function of y. The expected scaling
laws in the terminal regime G' ~ w? and G” ~ w! were not
observed at the low-w limit covered for this polymer solution.

It may be worth pointing out how to estimate the longest
relaxation time 7, from these data. One can find in |y*| that
there is a w (=0.1 rad/s) at which the slope of the w dependence
of |#*| changes. This w also satisfies tan 6 = 1. We suppose
that 7, could be obtained by tm = 1/ = 10 s. We also suppose
that the o region below 0.1 rad/s, where the Newtonian
behavior should be naturally expected, reflects the response
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Figure 3. Linear viscoelastic properties, G', G", |*|, and the
steady-state viscosity # of PS548/DOP 6.0 wt % at 27 °C as a
function of frequency o or shear rate 7.

from the large-scale concentration fluctuations, and hence the
upturn toward the low-o limit was observed. Furthermore, the
non-Newtonian behavior in  was observed above about y =
0.04 s7%, which is not far from w = 0.1 rad/s when the
viscosities obtained by the steady shear experiment and the
dynamic shear experiment are compared on the basis of the
Cox—Mertz rule. This might indicate the validity of the
estimation of tm, from |»*|. Therefore, we use 10 s as n, in this

paper.
11l. Results

A. Shear-Induced Phase Separation as a Func-
tion of Strain Amplitude and Angular Frequency.
First, we have to explore under what conditions the
oscillatory shear flow induces phase separation. There-
fore, we investigated whether shear-induced phase
separation occurs as a function of yo and w.

Figure 4 shows an example of the observed scattering
patterns at a representative strain phase ¢ = 90°, i.e.,
at the maximum shear strain. The left and right
columns represent the yo, dependence of the scattering
pattern for a given w = 0.6309 rad/s and w dependence
of the scattering pattern for a given yo = 2.2, respec-
tively. The scattering intensities for yo = 0.2 (Figure
4a) and yo = 1.2 (Figure 4b) at » = 0.6309 rad/s were
almost the same as that in quiescence, while an aniso-
tropic scattering pattern called the “butterfly pattern”
was observed for yo = 2.2 (Figure 4c). This butterfly
pattern is characteristic of shear-induced phase separa-
tion. The right column indicates that a butterfly pattern
was observed at w = 0.6309 rad/s (Figures 4e), while
not at a lower w = 0.06309 rad/s (Figures 4d) or at a
higher w = 15.85 rad/s (Figure 4f). This indicates that
at the fixed yo and ¢ the shear-induced phase separation
does not occur at too high or too low w.

An appearance of a butterfly pattern is summarized
in Figure 5 with y, as a vertical axis and log w as a
horizontal axis. The observation of the butterfly patterns
was performed at ¢ = 0° and 90°. The open circles show
that a butterfly pattern was observed, the open triangles
that a weak scattering was obtained at higher g along
the flow direction, and the crosses that the butterfly
pattern did not appear. Figure 5 clearly shows that this
yo—log o plane is divided into two regions by a quasi-
parabolic line, i.e., one-phase and two-phase regions,
which is referred to as a “dynamic” phase diagram. The
dynamic phase diagram reveals that the oscillatory-
shear-induced phase separation occurs when yq is larger
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Figure 4. Scattering patterns at strain phase ¢ = 90° under
various oscillatory conditions: in the left column (a, b, and c)
yo was changed at a fixed w, and in the right column (d, e,
and f) w was changed at a fixed yo.
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Figure 5. Summary of butterfly appearance: open circles
denote a butterfly pattern could be observed, open triangles
denote weak scattering was obtained at higher wavenumber
along the flow direction, and crosses denote a butterfly pattern
did not appear. The observation of the butterfly patterns was
performed at ¢ = 0° and 90°. Note that the dashed line is
arbitrary.

than a critical value (yo;) at a given w and when o is
between lower and upper critical values at a given yq >
Y oc-

B. Dynamics of Shear-Induced Structures in a
Period of the Shearing Cycle. As y and y of the
oscillatory shear flow change sinusoidally, it can be
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expected that the shear-induced structures also change.
Here, we are concerned with the dynamic change of the
butterfly pattern with the strain phase ¢.

Figure 6 shows the ¢ dependence of scattering pat-
terns obtained for the oscillatory shear of yo = 4.2 and
o = 0.1 rad/s. The butterfly pattern appeared with its
maximum intensity along the flow direction at any ¢.
As ¢ increased from 0° to 90°, the butterfly pattern was
clearly developed: the scattering intensity increased in
the flow direction and the butterfly wings expanded,
resulting in sharpening of the “dark streak”23 perpen-
dicular to flow. The dark streak means that the scat-
tering intensity normal to flow direction was as weak
as that before imposing shear, that is to say, in a single
phase. As ¢ increased from 90° to 180°, on the other
hand, the scattering intensity decreased and the dark
streak broadened.

To investigate the ¢ dependence of the scattering
intensity quantitatively, we evaluated the scattering
profiles as a function of g = q = (0x,0,0) parallel to the
flow direction, as shown in Figure 7. These profiles were
obtained as follows: we first obtained the scattering
intensity averaged around the sector (azimuthal angle
of +5°) centered around the gy axis for the solution
under the shear with A¢ = 0.57° (A¢/360° = 1.58 x
1073), and then the sector averaged scattering intensity
was obtained over the same sector angle and same time
period for the solution before imposing shear; 1(qy)
shown in Figure 7 was obtained after subtracting the
latter from the former. The top shows the profiles from
¢ = 0° to 90°, and the bottom shows those from 90° to
180°. All profiles have scattering peaks at gx = Qmx,
indicating that a periodic structure with a characteristic
wavelength exists at each ¢. As ¢ increased from 0° to
90°, gmx moved to lower gx and its intensity |, increased.
As ¢ increased from 90° to 180°, on the other hand, qmy
and I, shifted oppositely: gmx shifted to higher gx and
I decreased. This shows that the development and
decay of the structures was synchronized with the strain
phase.

We performed a similar experiment with the same vy,
= 4.2 but another w = 10 rad/s. Figure 8 shows the ¢
dependence of the scattering pattern, indicating a
similarity to that at the lower w = 0.1 rad/s; namely,
the intensity of the butterfly pattern was maximum at
¢ = 90° and was minimum at ¢ = 0° and 180°.
Therefore, we now see that the structures induced by
the oscillatory shear flow were synchronized with the
strain independently of w covered in our experiment.
However, the shape of the butterfly observed in Figure
8 was quite different from that of Figure 6. At ¢ = 0°
an exceedingly weak butterfly was observed. With an
increase of ¢ from 0° to 90°, the scattering intensity in
the higher gy region increased, but the intensity level
at ¢ = 90° is much less than that at w = 0.1 rad/s.

Figure 9 shows the scattering profiles parallel to the
flow evaluated from Figure 8, by using the same method
as that mentioned above in conjunction with Figure 7
but A¢p = 28.7° (A¢/360° = 8.00 x 1072). The figure
indicates that gmx at @ = 10 rad/s exists at a higher gy
region than that of lower w = 0.1 rad/s and that the ¢
dependencies of gmx and I, at w = 10 rad/s were not so
pronounced as those in the case of w = 0.1 rad/s shown
in Figure 7. In the case of v = 10 rad/s, the response of
the scattering profiles with the applied strain phase
depends remarkably on gx: in the small-gx region 1(gx)
depends only weakly on ¢, but in high-gx region it
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Figure 6. Scattering patterns at yo = 4.2 and o = 0.1 rad/s at representative strain phases. The phase interval A¢ over which

the patterns were taken was given by A¢/360° = 1.58 x 1073
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Figure 7. Scattering profiles as a function of g along the flow
direction at yo = 4.2 and w = 0.1 rad/s: the top represents
those for ¢ from 0° to 90°, and the bottom represents those for
¢ from 90° to 180°.

depends strongly on ¢. In the high-gx region, the
scattering intensity oscillates in harmony with ¢, while
that in the low-gx region is nearly independent of ¢. In
other words, the large-scale structures which are re-

flected in the low-gx region do not change with ¢, while
the small-scale structures which are reflected in the
high-gx region develop and decay in synchronization
with strain. We also note that the scattering intensity
decays with power law with a slope of nearly —2 in the
low-qgx region.

Furthermore, it should be pointed out that the shape
of the scattering curve around the scattering peak was
sharper at v = 10 rad/s than that at w = 0.1 rad/s. This
means that the size distribution of the shear-induced
structures at o = 10 rad/s were narrower than that at
o = 0.1 rad/s.

C. Angular Frequency Dependence of Shear-
Induced Structures. Since the development and decay
of the structures induced by oscillatory shear flow was
synchronized with strain, we may now consider the w
dependence of the structures at a given yo and ¢.

Figure 10 shows the scattering profiles in the flow
direction taken at various w at representative ¢: ¢ =
0° (the top) and ¢ = 90° (the bottom). yo was fixed at
4.2. The arrows indicate the peak positions qmx of the
scattering profiles. Clearly, the shape of scattering
profiles varies with . Here we note that gmx moved to
higher gy with increasing o, while Iy, took a maximum
at w = 0.6309 rad/s.

To consider this behavior quantitatively, we show I,
and the characteristic wavelength of a periodic structure
Amx = 271/qmx as a function of o in Figure 11. For both
¢, Amx decreases with increasing w, indicating that the
structures become smaller as w increases. On the other
hand, I, takes a maximum at o = 0.6309 rad/s. This
implies that the amplitude of concentration fluctuation,
i.e., the contrast between two phases, reaches a maxi-
mum at w = 0.6309 rad/s.
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Figure 8. Scattering patterns at yo = 4.2 and w = 10 rad/s at representative strain phases. A¢/360° = 7.80 x 1072.
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IV. Discussion

A. Dynamic Phase Diagram. As described in sec-
tion I, the shear-induced phase separation depends on
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Figure 10. Frequency dependence of scattering profiles at ¢
= 0° (top) and at ¢ = 90° (bottom). The arrows indicate the
peak position of scattering profiles.

the relation between the shear rate y and the longest
relaxation time t, of the system. In case of a continuous
shear flow, the phase separation occurs only when y is
larger than 7, 1. It is natural to consider that the phase
separation should also occur under oscillatory shear flow
when this condition is satisfied. Because jy oscillates
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Figure 11. Frequency dependence of Amx and I, evaluated
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with ¢ in the case of an oscillatory shear flow, we use
the maximum shear rate ymax = yow as a characteristic
shear rate. Thus, we compare two values (max and tm™1)
in order to get the condition necessary for phase
separation.

Another time scale plays an important role in the
shear-induced phase separation. This is the rate re-
quired for the solvent squeezing 751, which is equivalent
to the growth rate of concentration fluctuations induced
by shear flow. As shown in Figure 1, the concentration
fluctuations or phase separation are built up under
shear by squeezing solvent from the more entangled
regions in a single phase. 7s~! might depend on both g
and y, but here we regard, for simplicity, this as a value
unique to the system. It is useful to compare 7.1 and
angular frequency w because the period given for growth
of concentration fluctuations under oscillatory shear
flow is a quarter of a shearing cycle (from 0° to 90° or
from 180° to 270°), as indicated in section I11.B.

We shall now qualitatively explain the dynamic phase
diagram shown in Figure 5 by considering the relation
among the following four quantities, i.e., Ymax, Tm™ %, 7s ™%,
and w.

First, we try to compare ymax and zm 1. Suppose that
oscillatory shear flow which has maximum shear rate
Ymax = Yow IS imposed on the system. The stress or the
elastic free energy stored by deformation of the en-
tangled polymer solution is relaxed by disentanglement
when ymax is smaller than 7=t When ymax is larger than
Tm 1, as discussed in section I, the elastic free energy is
released not by the disentanglement but by the solvent
squeezing, and shear-induced structures are developed
from the single-phase solution. As a result, ymax = vow
> ! becomes crucial for phase separation induced by
oscillatory shear flow. If yo is relatively small, o is
necessary to be sufficient to induce phase separation,
and if yg is relatively large, phase separation could be
induced even at a low w. Thus, the yow = ! line in
the yo—log w space becomes the left part of a quasi-
parabolic line in Figure 5.

Second, let us compare w and 75 to explain the right
part of the quasi-parabolic line in Figure 5. Consider
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the oscillatory shear flow with angular frequency w is
imposed on the system. In this case, the higher the value
w, the shorter the time available for formation of the
shear-induced structures. If w is lower than zs7%, a phase
separation occurs because there is enough time for the
solvent squeezing within a shearing cycle. However, if
w is higher than 7571, concentration fluctuations should
not grow in a shearing cycle, and the entangled polymer
network is only deformed periodically without the
solvent squeeze. Consequently, the shear-induced phase
separation should not occur. Therefore, v < 7571 is one
of the indispensable conditions for phase separation, and
the w = 771 line in the yo—log w space becomes the right
part of a quasi-parabolic line in Figure 5.

Note that there is a possibility that shear-induced
structures might be developed at an even higher o at
the spatial scale corresponding to a higher g region out
of our experimental window (g = 3.43 x 1073 nm™1).
This is because at the higher g we are concerned with
structures at a shorter length scale, for which the time
for the solvent squeezing is shorter. Hence, the shear-
induced structures may be formed at the higher w. In
fact, our recent experiments with small-angle neutron
scattering (SANS) revealed that shear-induced butterfly
patterns are observed under an oscillatory shear flow
with a large strain amplitude even at the q scale of
SANS.2! However, at an extremely high w, structures
with the spatial scale smaller than the mesh size of
entangled polymer chain would respond to the oscilla-
tory shear deformation. Under this condition the solvent
squeezing would never occur. Therefore, it is reasonable
to suppose that shear-induced phase separation does not
occur at w’s higher than the critical value.

It follows that the conditions yow > Tyt and w < 7571
are indispensable to induce phase separation under the
oscillatory shear flow, and we can obtain a quasi-
parabolic line on the dynamic phase diagram by drawing
the lines given by yow = ™! and w = 7s~1. Moreover,
these two conditions strongly depend on the rheological
and thermodynamic properties of a system, and if these
properties of a system change, the quasi-parabolic line
on the dynamic phase diagram will change its shape
and position.

B. Angular Frequency Dependence of Dynamic
Properties of Shear-Induced Structures. In a period
of the shearing cycle, we found that the shear-induced
structures developed and decayed synchronously with
the strain phase, independently of o for o satisfying
weL < o < weH, Where we and w4 are the lower and
upper bounds for the shear-induced structures, respec-
tively. Furthermore, we found out that the dynamics of
the shear-induced structures depends on w. In the case
of w = 0.1 rad/s, the scattering intensity increased and
decreased with ¢ at all g window covered in this
experiment. However, in the case of w = 10 rad/s, the q
region could be divided into that where 1(q) depends on
¢, where the scattering intensity oscillates with ¢, and
that where 1(q) is almost independent of ¢. To consider
this difference between 0.1 and 10 rad/s, we show the
ratio of the intensity at the strain phase ¢ = 90° to that
at ¢ = 0° as a function of q defined as follows:

r(a, o) = 1(a,, ¢ = 90° w)/I(q,, » =0°% w) (5)

The ratio r(gx;w) at w = 0.6309 rad/s, which is the value
w in between 0.1 and 10 rad/s, is included in Figure 12,
because the w dependence of r(qgy;w) becomes clearer by
including these data. The value gx at the peak position
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Figure 12. Intensity ratio r(gx;,w) along the flow direction at
o = 0.1, 0.6309, and 10 rad/s.

of the scattering intensity, defined as qyx*, roughly
corresponds to the gx where the scattering intensity
exhibited the largest change in a shearing cycle. With
r(gx;w) = 1 the scattering intensity does not change in
ashearing cycle. The ratios r(gx,w) at = 0.1 and 0.6309
rad/s are beyond the line of 1. However, at w = 10 rad/s
it is nearly equal to 1 below gy = 0.001 nm~1, although
the downward deviation from 1 exists, which was caused
by the artificial scattering appeared in the low-q re-
gion.22 It becomes greater than 1 at gy greater than
0.0012 nm~! and maximum at gx = 0.003 nm~1.

As w increased, gx* moved to a higher gy and r(gx*;)
decreased, although gx* at 0.1 rad/s cannot be found
clearly. We may speculate that gx* exists in a small q
region outside the g window of our measurements. This
indicates that the characteristic size of structures
developed and decayed in a shearing cycle becomes
small with increasing w. We believe that this is because
the time available for the structural response in a
shearing cycle becomes shorter with an increase of w.
Especially in the case of 10 rad/s, the large length scale
structures, the response of which is reflected in r(gx;w)
in the low-gx region, have a relatively long response time
(relaxation time) and cannot be developed and relaxed
with the applied shear. On the other hand, small length
scale structures, the response of which is reflected in
r(gx;) in the high-gx region, has a short response time
or relaxation time and can be developed and relaxed
with the shear.

C. Angular Frequency Dependence of Shear-
Induced Structures. Here we shall concentrate on the
properties of the shear-induced structures at the rep-
resentative ¢ in terms of size Amx and magnitude of the
concentration fluctuations. The w dependence of Amx at
¢ = 0° and 90° in Figure 11 indicates that the charac-
teristic size of shear-induced structures at a representa-
tive ¢ decreases as w increases. This result could be
explained by a similar discussion presented in sections
IV.A and IV.B. In the case of the oscillatory shear flow,
the spatial scale of the structures depends on w; the
larger the value w, the shorter the time available for
the shear-induced structure formation, and hence the
length scale of the shear-induced structures at a rep-
resentative ¢ at dynamic steady state becomes smaller.

On the other hand, I, took a maximum at w = 0.6309
rad/s, implying that the magnitude of the concentration
fluctuations, i.e., the scattering contrast between two
phases, reaches a maximum at this w.

To confirm this interpretation, let us attempt to
estimate the magnitude of the concentration fluctua-
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Figure 13. Frequency dependence of invariant Q at ¢ = 0°
and 90°.

tions from the scattering patterns. The mean square of
the magnitude of the concentration fluctuations @?Cis
estimated from an invariant Q:

3’0~ Q= [I(a) dq (6)

where the integration is carried out over the whole q
space. For an isotropic system, Q is estimated from the
|q| dependence of 1(q), i.e., one-dimensional scattering
intensity distribution. For an anisotropic system like a
sheared system, however, a three-dimensional distribu-
tion of 1(q) over the whole g space is needed for the
estimation of Q. In our experiments, we measured only
a two-dimensional distribution of 1(q) in the gx—q, plane
because of the limitation of the apparatus. To calculate
Q for the butterfly patterns obtained in our experiments,
we assume that the system has the cylindrically sym-
metric structure around the x axis.?® On this assump-
tion, the scattering intensity distribution also exhibits
the cylindrical symmetry around the gy axis. Then we
obtain from eq 6

B0~ Q= [y [F1@d’singdady  (7)

where ¢ is the azimuthal angle around the gy axis, and
g1 (=3.96 x 1074 nm~1) and g, (=3.43 x 103 nm~1) are
the lower and upper limits of g, respectively, between
which the intensity was measured experimentally along
the gy direction. Thus, we calculated Q and plotted it
as a function of w at ¢ = 0° and 90° as shown in Figure
13. It is clear that the magnitude of the concentration
fluctuations takes a maximum at a proper o.

To give an account of the behavior of Q against w, we
shall propose the following two opposite quantities: one
is the driving force of phase separation induced by the
oscillatory shear flow, which promotes the growth in size
and magnitude of the concentration fluctuations for the
shear-induced structures, and the other is the time
available for growth of concentration fluctuations driven
by the oscillatory shear flow, which restricts their size
and magnitude. The driving force of phase separation
depends on yow, i.e., the maximum shear rate given to
the system by the oscillatory shear flow (eq 2). The time
available for growth of the concentration fluctuations
is equivalent to the time available for squeezing solvent,
and this is proportional to a period of the shearing cycle.

When o is relatively low (w = 0.1 rad/s), the time
available for growth of concentration fluctuations is
sufficiently long. However, the driving force of phase
separation is small. As a result, the magnitude of the
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concentration fluctuations cannot become large. On the
contrary, when o is relatively high (w = 10 rad/s), the
time available for growth of the concentration fluctua-
tions is short, though the driving force of phase separa-
tion is large; therefore, the magnitude of the concen-
tration fluctuations is still small. Only when w has an
appropriate value between them (w = 0.6309 rad/s) are
both the driving force of phase separation and the period
for growth of the concentration fluctuations sufficient,
so that the magnitude of the concentration fluctuations
can become large.

It should be also noted that the change in [?0in a
shearing cycle can be estimated from Figure 13. Since
we have pointed out that the shear-induced structures
in a shearing cycle changed in harmony with ¢ for all
angular frequencies covered in this work, the change
in [%20in a shearing cycle is given by the difference
between Q at 90° and Q at 0°. It is quite sure that the
o dependence of this value has the same trend with that
of Q at 0° and 90°.

D. Comparison with the Results of the Continu-
ous Shear Flow. There have been many reports of
continuous-shear-induced phase separation in semidi-
lute polymer solutions near the © condition.1~511-19,24-29
Our experiment and discussion show that the oscillatory
shear also could induce phase separation. When we
compare the previous reports with ours, some distinct
similarities and differences are found.

First, we point out the similarity between the time
evolution of the shear-induced structures after imposing
continuous shear flow and dynamic behavior of the
shear-induced structures in a shearing cycle under
oscillatory shear flow. Kume et al.# reported the tran-
sient behavior of the scattering and rheological proper-
ties of the same system after onset of imposing a
continuous shear flow. After imposing the continuous
shear flow, the butterfly type scattering pattern ap-
pears, and the scattering peak position moved to a
smaller q and the scattering intensity at the peak
position increased with increasing time, and finally the
system reached the steady state. This process is very
similar to that in spinodal decomposition in a thermo-
dynamically unstable solution without shear. Although
not reported here, a similar tendency was observed in
¢-dependent structural change in a shearing cycle. The
results shown in Figures 7 and 9 through the process
from ¢ = 0° to 90° bear a qualitative resemblance to
that of Kume’s report. It is reasonable to suppose that
the transient behavior after onset of the continuous
shear flow is reproduced in the structural change or the
change in 1(gx) as ¢ increased from 0° to 90° at a
dynamic steady state, while these structures are de-
cayed as ¢ increased from 90° to 180°. At least one may
recognize a similarity in the two systems in terms of
deformation of entangled networks and the solvent
squeeze.

Second, the following difference in the static proper-
ties of the shear-induced structures should be noticed.
In the case of continuous shear flow, almost all the
experimental results indicated that the scattering pro-
file along the flow direction at the steady state is very
broad without the scattering peak over the q window
covered, and even if the scattering peak existed, it was
very broad. On the other hand, as indicated in Figures
7 and 9, the scattering profiles under the oscillatory
shear flow have a clear scattering peak. This indicates
that the size distribution of structures induced by
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oscillatory shear flow is narrower than those induced
by the continuous shear flow. The continuous shear flow
affects or enhances all the Fourier modes of concentra-
tion fluctuations having the relaxation rate larger than
shear rate. Oscillatory shear flow enhances only the
concentration fluctuations having the relaxation rate
nearly equal to the angular frequency of a given
oscillatory shear. As a result, the structures having a
relatively narrow size distribution are produced.

Finally, it should be pointed out that the streaklike
scattering pattern,!! which appears in the direction
perpendicular to flow at a very high shear rate when
continuous shear flow is imposed, could not be observed
under the oscillatory shear flow. This streaklike pattern
originates in the stringlike structures oriented parallel
to flow. To obtain the string phase under oscillatory
shear flow, a large strain amplitude would be necessary
to get a high shear rate.

V. Conclusions

We performed the in-situ, time-resolved small-angle
light scattering experiment to investigate the phase
separation of a semidilute solution comprised of ultra-
high molecular weight polystyrene and dioctyl phthalate
under oscillatory shear flow. First we showed that
oscillatory shear flow also induced phase separation
similarly to continuous shear flow, and its occurrence
strongly depended on yo and w. The yo—log @ plane
could be divided into one-phase and two-phase regions,
and hence a sort of dynamic phase diagram was
obtained.

The shear-induced structures in a shearing cycle
changed in harmony with strain phase ¢ independent
of w when o satisfies the criterion of the shear-induced
phase separation: The structures developed from ¢ =
0° to 90° and decayed from 90° to 180°. The character-
istic size of the structures developed and decayed in a
shearing cycle becomes smaller with an increase of w,
because the time available for the shear-induced struc-
ture formation becomes shorter with . On the other
hand, the mean square of the concentration fluctuations
#20took a maximum at a certain o because of w-de-
pendent competition between the driving force of phase
separation and the time available for the solvent
squeeze.
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