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ABSTRACT: The influence of oscillatory shear deformation on spinodal decomposition (SD) processes in
a blend of polybutadiene and polyisoprene has been investigated by in-situ observations of light scattering
patterns. A large strain amplitude γ0 ) 0.8, with angular frequencies ω ) 0.63 and 6.3 rad/s, was imposed
on the blend undergoing SD induced by a temperature jump from a homogeneous (or single phase) region
to a thermodynamically unstable region. Comparing representative rates of the shear deformation (i.e.,
frequency ω and a maximum shear rate) with representative growth rates for SD (i.e., growth rate of
concentration fluctuations in the early stage SD and that of domains in the later stage SD), the deformation
used in the present study is expected to bring the system into a homogeneous state, based on an estimation
in the simple shear flow case. In spite of this strong shearing criterion, SD still occurred at ω ) 0.63
rad/s: the phase-separated structure is affinely deformed in harmony with the shear strain phase and
grows with time on a time scale longer than the cycle of the oscillatory deformation. In contrast, no
remarkable sign of SD could be observed up to 80 min after the onset of SD under oscillatory shear
deformation at ω ) 6.3 rad/s, although well-defined characteristic scattering of SD (“spinodal ring”) can
clearly be observed both in the absence and in the presence of the low-frequency shear (ω ) 0.63 rad/s)
at the corresponding time scale.

I. Introduction

Phase transitions and critical phenomena of binary
mixtures have been studied both theoretically and
experimentally for many years. In recent years, much
attention has been given to the influence of flow field,
especially that of simple shear flow, on them.1-29

Simple shear flow brings phase-separated simple liquid
mixtures,4-10 solutions of polymer blends (ternary mix-
tures of polymer A, polymer B, and solvent),3,12-16 and
polymer blends17-25 into a single-phase state when the
shear rate γ̆ exceeds the growth rate of the concentra-
tion fluctuations.4,13,16 On the contrary, shear flow can
bring single-phase polymer solutions1,26-29 and polymer
blends22,23 into phase separation when the elastic
effect30-32 plays an important role.
Suppose that a system composed of droplets of one

fluid phase dispersed in another is subjected to simple
shear flow. Large droplets burst due to the hydrody-
namic forces exerted by the flow. However, small
droplets collide and grow into larger droplets due to the
thermodynamic forces of lowering the surface free
energy. Thus the balance of these two effects deter-
mines the steady-state droplet size as a function of the
shear rate γ̆.33-35 With increasing γ̆, clusters of droplets
align parallel to the flow, which results eventually in
the percolated structure (the flow-induced cluster-to-
percolation transition35,36). Recent experimental re-
search revealed that a strong simple shear flow achieves
a string-like phase-separated structure along the flow
direction.37

The morphology of phase-separated structures under
a flow field has also attracted considerable attention in
recent years. Several studies6,10,12,14,15,37,38 have been

concerned with phase-separation processes via spinodal
decomposition (SD) under simple shear flow, in which
anisotropic SD was observed. This indicates that the
phase-separated domains via SD were elongated along
the flow direction. Simple shear flow also promoted
collisions of domains along the flow direction, which
consequently enhanced the domain coarsening.
A few articles examined the influence of both

simple39,40 and oscillatory shear flow41-47 on a mi-
crophase-separated lamellar morphology of a diblock
copolymer. They found that simple shear flow oriented
the vectors normal to lamellar interfaces only parallel
to the shear gradient direction39,40 and that oscillatory
shear flow, in contrast, induced two types of lamellar
orientation, i.e., the normal vectors parallel to the shear
gradient or to the vorticity direction (or the neutral
direction), depending upon shearing frequency, ampli-
tude of the shear strain, and quench depth from the
order-disorder transition temperature of the system.42-45

Besides the difference in the observed lamellar orienta-
tion between oscillatory and simple shear, it is worth
noting that oscillatory shear yields much better lamellar
orientation than simple shear.39,40

Thus, it is expected that shear may induce a morpho-
logical transition from the bicontinuous structure de-
veloped by SD in the absence of the flow field to a
lamella-like structure. Especially oscillatory shear may
induce better orientation of the phase-separating lamella-
like structure of a binary mixture than simple shear.
Little attention, however, has been given so far to the
influence of oscillatory shear on the structures of binary
mixtures. In the present study, we focus on the influ-
ence of oscillatory shear on the phase separation process
of polybutadiene (PB) and polyisoprene (PI) blends.

II. Experimental Methods

A binary mixture of polybutadiene (PB) and polyisoprene
(PI) with a near-critical composition (50 wt %/50 wt %) was
chosen. Molecular characteristics of PB and PI used in the

* To whom correspondence should be addressed.
† Hashimoto Polymer Phasing Project, ERATO, JST.
‡ Kyoto University.
X Abstract published in Advance ACS Abstracts, January 15,

1997.

1146 Macromolecules 1997, 30, 1146-1152

S0024-9297(96)01212-0 CCC: $14.00 © 1997 American Chemical Society



present study are summarized in Table 1. The mixtures were
dissolved in toluene to prepare homogeneous solutions con-
taining 10 wt % polymer. The solutions were first filtered
through a Millipore film having an average pore size of 0.45
µm and then cast into thin films by slowly evaporating the
solvent for 5 days at about 20 °C. Films thus obtained were
further dried in a vacuum oven for 1 day. The PB/PI blend
has a lower critical solution temperature (LCST) type phase
diagram with a critical temperature Ts of 25.5 °C in the
absence of shear.48 The SD processes of the blend in the
absence of external fields have already been reported else-
where.48,49
Time-resolved light scattering measurements were per-

formed with a flow small-angle light scattering (flow-SALS)
apparatus. The apparatus used in the present study has been
described elsewhere in detail.50 It consists of a cone and plate
with radii of 40 mm and a cone angle of 1.0°, which was placed
in a temperature-controlled ((0.3 °C) enclosure. A He-Ne
laser with a wavelength of 632.8 nm was used as an incident
beam source. The incident beam propagates along the velocity
gradient. Scattering was imaged on a screen placed normal
to the incident beam, as shown in Figure 1, whose intensity
distribution was taken with a two-dimensional charge coupled
device (CCD) camera.
We applied oscillatory shear deformation to the blend,

sandwiched between the cone and plate, undergoing SD
induced by a temperature jump (T-jump) from T ) 21 °C (a
single-phase region) to 50 °C (a spinodal region). We chose a
strain amplitude, γ0, of 0.8, and frequencies, ω, of 0.63 and
6.3 rad/s. The frequencies used in our experiments at T ) 50
°C are in the terminal region in the viscoelastic spectrum for
both components of the blend. The SD processes with the
oscillatory shearing were followed in situ and at real time by
time-resolved light scattering.

III. Results
A. Low-Frequency Behavior: Time Evolution of

Scattering Pattern at ω ) 0.63 rad/s. The time

evolution of the scattering pattern was taken after the
onset of SD at T ) 50 °C with the oscillatory shear
deformation at ω ) 0.63 rad/s, which is referred to as
low-frequency behavior hereafter. The scattering at a
given strain phase φ, which is defined by φ ≡ sin-1(γ/
γ0), was almost identical with that at the same φ after
one period of the shearing cycle (2π/ω ) 10 s), although
the scattering oscillated with φ and evolved with time
t. That is to say, the time evolution of the scattering
caused by the domain growth via SD is much slower
than one period of the shearing cycle. Thus, we can
ignore the change in the scattering caused by the
domain growth via SD within one shearing cycle. In
the present paper, we consider t and φ as independent
variables for simplicity, though φ depends on t in a strict
sense.
Figure 2 shows the time evolution of the scattering

I(q,t;φ) taken at representative strain phases: φ) 0 (left
column) and φ ) π/2 (right column). Here, q denotes a
scattering wave vector whose magnitude is defined by
q ≡ (4π/λ) sin(θ/2), where θ and λ are the scattering
angle and the wavelength of radiation in the medium,
respectively. Parts a and b of Figure 2 show the
scattering obtained at t ) 50 min after the quench
(reduced time τ ) 68.1). Here τ is defined by

where tc ) 44.0 s is a characteristic time of the mixture
at 50 °C in the absence of shear evoluted from the phase
separation kinetics in the early stage SD.49 Figure 2a
shows that the scattering intensity distribution I(q,t;0)
had approximately circular symmetry with respect to
the incident beam axis (directionally independent in our
q plane). This is often called the “spinodal ring”, which

Table 1. Molecular Characteristics of Polybutadiene
(PB) and Polyisoprene (PI) Used for This Study

microstructurebsample
code Mw × 10-4 a Mw/Mn

a cis-1,4 trans-1,4 1,2 3,4

PB 5.8 1.2 28 56 16
PI 10.1 1.3 70.4 22.1 7.5
a Measured using size exclusion chromatography. b Measured

by IR spectroscopy.

Figure 1. Flow-SALS optical system with the Cartesian
coordinate used in the present work. The Ox axis is parallel
to the shearing direction, the Oy axis to the shear gradient
direction, and the Oz axis to the vorticity direction. The
propagation of the incident beam is along the Oy axis, and
the two-dimensional light scattering pattern is detected on a
screen parallel to the Oxz plane.

Figure 2. Time evolution of light scattering patterns obtained
in situ by the CCD camera in the SD process of the PB/PI
mixture under the oscillatory shearing of ω ) 0.63 rad/s at 50
°C: 50 min (a, b), 70 min (c, d), 100 min (e, f); (left column: a,
c, and e) at a strain phase φ ) 0, (right column: b, d, and f) at
φ ) π/2. The white bar shown in (a) corresponds to q ) 5.0 ×
10-4 nm-1.

τ ≡ t/tc (1)
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is characteristic of SD in the absence of applied fields.
The wave number qm, at which maximum intensity (i.e.,
the spinodal ring) is detected, is related to a character-
istic wavelength Λ of a periodic structure through Λ ≡
2π/qm. Since Λ grows with t, qm moves to smaller q in
an intermediate and a late stage SD. The circular
spinodal ring in Figure 2a means that the phase-
separated structure is isotropic.
In Figure 2b, on the other hand, the spinodal ring

became an ellipse whose short axis was parallel to the
shear direction, indicating that the spinodally decom-
posed domains were elongated along the shear direction
at the maximum shear strain of φ ) π/2. The peak
position of the pattern in the direction parallel to the
shear direction oscillated with φ, while that perpen-
dicular to the shear was almost stationary, i.e., inde-
pendent of φ. Thus the shear deformation oscillatorily
elongated the phase-separated structure along the shear
direction. The same trend was observed at other t as
shown in Figure 2.
From the left column in Figure 2, we note that the

width of the spinodal ring along the shear direction at
φ) 0 is broader than that in the direction perpendicular
to the shear direction, although the peak position qm is
independent of the direction. Hence, the size distribu-
tion of the domain depends on the direction; i.e., the
phase-separated structure got disturbed especially along
the shearing direction, while the characteristic domain
size was independent of the direction.
Figure 3 shows the time evolution of the scattering

intensity distribution I(q,t;φ) as a function of q| )
(qx,0,0) (part a: along the shearing direction) and q⊥ )
(0,0,qz) (part b: along the neutral direction) at φ ) 0
(data shown by symbols) and at φ ) π/2 (data shown by
solid lines), each of which was obtained by averaging
the scattered intensity around the respective sectors
(azimuthal angle of (5°) centered around the Ox or Oz
axis. For simplicity, we denote I(q|,t;φ) and I(q⊥,t;φ) as
I(qx,t;φ) and I(qz,t;φ), respectively. The peak position
moves to smaller q and the peak intensity increases
with t in both the qx and qz directions, which is
characteristic of SD. At a given t, I(qx,t;φ) oscillated
with φ, whereas I(qz,t;φ) was independent of φ, which
indicates that the shear deforms the phase-separated

structure along the shear direction but does not in the
direction perpendicular to the shear direction.
Figure 4 shows the time dependence of qmx(t;0),

qmx(t;π/2), qmzt;0), and qmz(t;π/2). Here the subscript m
in front of the coordinate in q denotes the wave number
q at which the maximum intensity was observed. It is
clear, as we have seen qualitatively earlier, that the
wave number qmz(t;φ) was independent of φ, while
qmx(t;φ) depended on φ at a given t. All quantities were
found to decrease with a slope of -1, indicating that
the hydrodynamic effect on the domain growth is
significant.51,52 This demonstrates that the coarsening
mechanism at ω ) 0.63 rad/s is the same as that in the
absence of shear except for the fact that the oscillatory
deformation accelerates the SD process. The time
dependences of qmx(t;0) and qmz(t;0) are almost identical,
which again shows that the phase-separated structure
is nearly isotropic at φ ) 0. However, qmx(t;π/2) got
smaller than qmz(t;π/2), meaning that at φ ) π/2 the
domain size in the shear direction was larger than that
in the direction perpendicular to the shear direction.
B. High-Frequency Behavior: Time Evolution

of Scattering Pattern at ω ) 6.3 rad/s. We applied
the oscillatory shear deformation at ω ) 6.3 rad/s, which
is referred to as high-frequency behavior hereafter, with
the strain amplitude γ0 ) 0.8 just after the onset of SD
at 50 °C. We note that we were not able to detect any
scattering implying an occurrence of SD for 80 min after
the T-jump (Figure 5a), although a well-defined spinodal
ring can be already observed at 80 min both in the
absence of shear and in the low-frequency case. We
stopped applying the oscillatory shear deformation at
φ ) 0 and at 80 min (≡t0) after the T-jump. After
cessation of shear, the scattering was taken. Figure 5
shows the time evolution of the light scattering patterns.
Only Figure 5a shows the scattering pattern under the
oscillatory shear, while the others show those after
cessation of shear in which circular spinodal ring can
be observed.
The time dependence of qm after cessation of shear is

plotted in Figure 6, where the time change in qm in the
absence of shear is also included for comparison (the
solid line). Curves a, b, and c are the same qm data
obtained after the cessation of shear at ω ) 6.3 rad/s
except for the definition of time. We defined the time
of the T-jump as t ) 0 in curve a and the time at
cessation of shear as t′ (≡t - t0) ) 0 in curve b. We will
discuss curve c later.

Figure 3. Time evolution of scattering intensity I(q,t;φ) as a
function of the magnitude q of q at ω ) 0.63 rad/s: (a)
I(qx,t;φ)0) and I(qx,t;φ)π/2) (along the qx direction, i.e., parallel
to the shear direction); (b) I(qz,t;φ)0) and I(qz,t;φ)π/2) (along
the qz direction, i.e., perpendicular to the shearing direction).
Dots represent the scattering in the single-phase state before
the T-jump. Symbols and solid lines show scattering at the
strain phase φ ) 0 and at φ ) π/2, respectively. Excess
scattering at qz ) 5.3 × 10-4 nm-1 in (b) is an artificial
scattering due to the multiple reflection of the incident beam
from the cone-and-plate cell.

Figure 4. Time dependence of qm’s at ω ) 0.63 rad/s,
including that in the absence of shear for comparison: qmx(t;0)
(O); qmz(t;0) (b); qmx(t;π/2) (4); qmz(t;π/2) (2). It should be noted
that the data O, b, and 2 almost completely coincide.
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In both cases, the power law dependence of qm on t
was not -1, which is contrary to what was found for
the SD processes both in the absence of shear and in
the low-frequency case. Comparing the time depen-
dence of qm in the absence of shear, curve a indicates
that the dynamical evolution of the domain was slowed
down by applying the high-frequency oscillatory shear
deformation for 80 min. Curve b implies that the state
just after cessation of shear was different from that
before the T-jump in the absence of shear, i.e., a
thermodynamically single-phase state. It is plausible
that the mixture after shearing for 80 min had a certain
phase-separated structure.

IV. Discussion
A. Comparison of Rate of Shear Deformation

and Growth Rate. It is useful to estimate the rate of
the shear deformation and the growth rate of the
concentration fluctuations; if the former exceeds the

latter, the system would be brought into a homogeneous
(or single phase) state. This is true for simple shear
and has already been reported by Beysens et al.7,8 and
Hashimoto et al.12,13,16
There are two kinds of characteristic rate to be

considered: the frequency ω of the oscillation and the
shear rate γ̆(φ) oscillates with φ. We use the maximum
shear rate γ̆max ) γ0ω as a characteristic shear rate.
Thus we obtian γ̆max ) 0.50 and 5.0 rad/s for ω ) 0.63
and 6.3 rad s-1, respectively.
There are also two kinds of the growth rate of the

concentration fluctuations. The first one is 1/tc, where
tc is a characteristic time of the early stage SD. The
characteristic time tc is given by

where Dapp is the collective diffusivity and qm(0) is the
wave number of the dominant mode of the concentration
fluctuations in the early stage of SD. The second growth
rate to be considered is a growth rate of the Fourier
component of the phase-separated structure with wave
number q, Γ(q), which is given by (see Appendix A)

where η is the shear viscosity of the system, σ is the
interfacial tension, and C is a constant.52,53 The light
scattering experiments in the late stage SD of the PB/
PI mixture showed that

with the value of C(σ/η) = 1.2× 10-2 nm/s.49 The fastest
growth rate Γmax of the phase-separated structure is the
growth rate of the smallest domain. For simplicity, we
assume that the smallest domain size is 2π/qm(0) and
then we obtain

Based on eqs 2 and 5, we obtain 1/tc ) 0.023 s-1 and
Γmax ) 2.1 × 10-6 s-1, respectively. Here we use
parameters characterizing the early stage of SD at T )
50 °C from ref 49: Dapp ) 75.8 nm2/s and qm(0) ) 1.73
× 10-4 nm-1.
Let us first compare the rate of the shear deformation

with the growth rate of the concentration fluctuations
in the case of low frequency. Both the frequency ω )
0.63 rad/s and the maximum shear rate γ̆max ) 0.5 s-1

are much larger than both the growth rate of the
concentration fluctuations 1/tc ) 0.023 s-1 and the
fastest domain growth rate Γmax ) 2.1 × 10-6 s-1.
Therefore, if the simple shear flow of γ̆ ) 0.5 s-1 were
applied to the system, it would be large enough to wipe
out the concentration fluctuations. It is worthwhile to
point out that the phase separation occurred under the
oscillatory shear deformation with such a large shear
rate, as shown in Figure 2. This indicates that the
estimation of the critical shear rate in the simple shear
case cannot be applicable to the oscillatory shear case
because the magnitude of the strain is finite in the
oscillatory shear case while it steadily increases for
simple shear. Further investigation on the origin of SD
under the oscillatory shear deformation will be left for
future work.
B. Change in Scattering Profiles with Strain

Phase at Low Frequency (ω ) 0.63 rad/s). As the

Figure 5. Time evolution of light scattering patterns obtained
in situ by the CCD camera for the SD process of the PB/PI
mixture at ω ) 6.3 rad/s: (a) 80 min (0 min) just before the
cessation of shearing, (b) 120 min (40 min), and (c) 160 min
(80 min) after the T-jump (and after the cessation of the shear
in parentheses). The white bar shown in (a) corresponds to q
) 5.0 × 10-4 nm-1.

Figure 6. Time dependence of qm after cessation of oscillatory
shear of ω ) 6.3 rad/s in comparison with that in the absence
of the shear (solid line). Circles (a), squares (b), and triangles
(c) are the same experimental data after the cessation of
oscillatory shear except for the definition of time t. Time at
the T-jump is defined as t ) 0 for curve a, and time at the
cessation of shear as t′ (≡t - t0) ) 0 for curve b, where t0 ()80
min) denotes the duration of the shearing. We define the time
as t′′ ≡ t′ + t0′ in curve c, where t0′ ) 45 min. The inset is a
schematic illustration showing the definition of t.

tc ) [Dappqm
2(0)]-1 (2)

Γ(q) ≡ Cσ
η
q (3)

qm(t)
-1 ) Cσ

η
t (4)

Γmax ) Cσ
η
qm(0) (5)
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shearing cycle is much shorter than the characteristic
time scale of the domain growth, the domain is expected
to be deformed affinely in a time scale of shearing cycles
(∼10 s). Assuming that we can ignore the change in
scattering caused by the domain growth in a shearing
cycle, scattering intensity I(qx,t;φ) and I(qz,t;φ) can be
written by (see Appendix B)

Therefore a plot of the scattering intensity along qx at
a given φ, I(qx,t;φ), against qx[1 + (γ0 sin φ)2]1/2 and
I(qz,t;φ) at a given φ against qz should be independent
of φ. Figure 7, obtained from the data shown in Figure
3a, shows the plot of I(qx,t;φ) against qx[1 + (γ0 sin φ)2]1/2
at t ) 70 min after the onset of shear and SD. I(qx,t;π/
2) plotted in this way falls onto I(qx,t;0), the scattered
intensity profile at γ ) 0. The same results were
obtained at other t. Thus we conclude that the domain
was affinely deformed within one period of shearing, 2π/
ω.
C. Functional Form of the Scattering Function

at Low Frequency (ω ) 0.63 rad/s). Here we shall
concentrate on the functional form of the scattering
function in the late stage SD. It is well-known that the
dynamical scaling hypothesis holds in the late stage SD
in the absence of shear, which indicates that the domain
growth is dynamically self-similar. In many experi-
ments, this property has been investigated by using the
scaled structure factor (i.e., scaled scattered intensity
vs scaled scattering vector). It has already been ob-
served that the dynamical scaling hypothesis holds for
our system in the absence of shear in the same time
range as that in the present study.49
Although we also want to study the scaling property

under oscillatory shear deformation, it is difficult to
obtain the invariant of I(q,t;φ) which is needed in the
normalization of I(q,t;φ), because the scattering inten-
sity depends on the direction of the wave vector.
Therefore, for the sake of simplicity, we use the follow-
ing normalized scattering intensity: Ĩ(q̃,t;φ) ≡ I(q,t;φ)/
I(qm,t;φ), where q̃ ≡ q/|qm(t)| and qm is the wave vector
along q at which maximum intensity is detected. Figure
8 shows the time dependence of the normalized scat-
tering intensity Ĩ(q̃x,t;φ) ≡ Ĩ(q̃)(q̃x,0,0),t;φ) and Ĩ(q̃z,t;φ)
≡ Ĩ(q̃)(0,0,q̃z),t;φ) as a function of the normalized
scattering vector q̃ along the qx and qz axes. According

to our definition, q̃x ≡ qx/qmx and q̃z ≡ qz/qmz, where qmx
and qmz are, respectively, qx and qz at which I(qx,t;φ) and
I(qz,t;φ) became maximum. It is obvious that both
Ĩ(q̃x,t;φ)0) and Ĩ(q̃z,t;φ)0) were not invariant with t, but
rather became broader with t, indicating that the
oscillatory shear deformation made the size distribution
of the domain broader. This tendency is more remark-
able in the direction parallel to the shear direction than
that perpendicular to the shear direction regardless of
φ, i.e., φ ) 0 or π/2.
D. Possible Scenario for Structure at High

Frequency (ω ) 6.3 rad/s). In the case of the high-
frequency oscillatory shear, no distinct sign of the
scattering was observed as shown in section IIIB. As
Onuki et al. and Beysens et al. pointed out, simple shear
flow would increase the single-phase region of the phase
diagram.4,7 If the system was brought into the homo-
geneous state by the shear flow, the growth of the
domain after cessation of shear should be similar to that
in the absence of shear if we use t′ ≡ t - t0 instead of t
(curve B in Figure 6). However, our experimental
results showed that the growth observed in the time
scale of t′ after cessation of shear was faster than that
in the absence of shear (see Figure 6). This implies that
the system was not in the same single-phase state as
that in the absence of shear. Hence a certain structure
should have already existed under oscillatory shear.
Let us assume that the structure at the cessation of

shear, i.e., at t ) 80 min, had the same structure as
that at a certain time t0′ in the absence of shear. If this
is the case, the time dependence of qm for the PB/PI
blend at ω ) 6.3 rad/s should be the same as that for
the mixture in the absence of shear after an adequate
time shift. This was tried and shown as curve c in
Figure 6, in which qm was plotted against t′′ ≡ t′ + t0′.
Here t0′ ) 45 min. Curve c nicely fell onto qm for the
mixture in the absence of shear (i.e., the solid line),
which may explain that the structure at t ) 80 min at
ω ) 6.3 rad/s corresponds to that at 45 min in the
absence of shear. We note here, however, that there
may be other effects of shear on the structure, i.e., shift
of the phase diagram that leads to the change of the
fluctuation amplitude and the orientation of domains.
Those will be described in the following paragraphs.
There may be possible explanations for the experi-

mental results presented above. First, shear shifted the
phase diagram so that the quench depth ∆T ∼ |Ts - T|
at ω ) 6.3 rad/s became smaller than that at ω ) 0.63
rad/s, which made the SD process for the high frequency
slower than that for the low frequency. If this is the

Figure 7. Plot of I(qx,t;φ) against qx[1 + (γ0 sin φ)2]1/2. Open
and filled circles show I(qx,t;φ) at φ ) 0 and at φ ) π/2,
respectively.

I(qx,t;φ) ) I(qx[1 + (γ0 sin φ)
2]1/2,t;φ)0) (6)

I(qz,t;φ) ) I(qz,t;φ)0) (7)

Figure 8. Time evolution of the normalized scattering
intensity Ĩ(q̃,t;φ) as a function of normalized scattering vector
q̃ at ω ) 0.63 rad/s: (a) Ĩ(q̃x,t;0) vs q̃x ≡ qx/qmx; (b) Ĩ(q̃z,t;0) vs
q̃z ≡ qz/qmz.
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case, the spinodal ring would eventually be seen at
times later than 80 min. This should be confirmed in
future work.
Secondly, a nearly stationary two-phase state was

achieved due to the dynamical balance between the two
mechanisms: the thermodynamical force tends to pro-
mote the domain growth while the shear deformation
tends to burst these domains and restrict their size. The
stationary two-phase domains were small so that the
scattering from them appeared in the q range outside
our experimental one. Such a phenomenon has been
reported for a polymer blend solution under simple
shear flow.13,16,35

Thirdly, the planar orientation of domains might be
achieved with their interfaces normal to the direction
of shear gradient. In this case, the system scatters little
light on our q plane. As for block copolymer systems,
it has already been observed that oscillatory shear leads
to orientation of lamella with their interfaces normal
to the shear gradient.39,40,42-45,47

Finally, we point out the possibility that homogeniza-
tion and phase separation alternately occurred depend-
ing on the magnitude of the shear rate. In contrast to
the simple shear case, in oscillatory shear, the shear
rate depends on the strain phase: γ̆ ) γ0ω cos(φ).
Therefore, homogenization occurs when the magnitude
of the shear rate |γ̆| exceeds the critical shear rate γ̆c,
while phase separation takes place when |γ̆| < γ̆c. In
other words, the system experiences homogenization
and phase separation in a cycle. The structure at 80
min may be formed under the competition of these two
opposite effects.

V. Conclusion

We have performed in-situ light scattering experi-
ments on spinodal decomposition (SD) processes of a
binary mixture of polybutadiene and polyisoprene under
oscillatory shear deformation, with frequenciesω of 0.63
and 6.3 rad/s and with the large strain amplitude, γ0,
of 0.8. The characteristic shear rates (i.e., the shearing
frequency and the maximum shear rate) for both
frequencies are much larger than the growth rate of the
concentration fluctuations.
In spite of this estimation, the spinodal ring appeared

at ω ) 0.63 rad/s, implying that SD took place under
such oscillatory shear deformation. The scattering
pattern oscillates with applied shear strain within one
period of shearing cycle, which is found to be explained
by the affine deformation of the domain by the shearing.
For a longer time scale compared to the period of the
oscillatory shear, the growth law of domains is the same
as that in the absence of shear, while the dynamical
scaling law for the scattering intensity did not hold
under the oscillatory shear deformation at ω ) 0.63 rad/
s: the scaled structure factor becomes broad with time.
In contrast, at ω ) 6.3 rad/s, we were not able to

detect any scattering implying an occurrence of SD for
80 min after the T-jump in the q range covered in our
experiments, although a well-defined spinodal ring was
observed in this time scale after the onset of SD both
in the absence of shear and at ω ) 0.63 rad/s. After
cessation of shear, we observed an appearance and a
shrinking of a circular spinodal ring, indicating an
occurrence of SD. However, the time dependence of the
characteristic wave number is different from that in the
absence of shear, indicating that there is a certain
unidentified structure at 80 min which differs from
structures in the single-phase region.
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Appendix A
We define the growth rate Γ of the domains with

characteristic length l(t) as

In the late stage SD in binary fluids with the full
hydrodynamic interaction effect, l is given by

where η is the shear viscosity of the system, σ is the
interfacial tension, and C is a constant.51-53 Using q )
2π/l, the growth rate Γ(q) for the q Fourier mode is given
by

Appendix B
Here, we consider how the scattering function changes

when each point r is transformed to r′, according to

where E is a deformation gradient tensor.
Let us consider the initial state of the polymer blend

A/B by the local concentration of component A, æ(r). The
initial scattering function I0(q) from the system before
deformation is given by the Fourier transformation of
a pair correlation function g(r) ) 〈δæ(r+r0)δæ(r0)〉,

where q is a wave vector, 〈#〉 denotes a spatial average
of quantity # under constant r, and δæ(r) ) æ(r) - 〈æ〉.
When affine deformation E is applied to the system, the
local concentration æ(r′) is given by

Hence, the scattering function I(q) from the system is
given by

where |E| is the determinant of E.
Consider the case in which affine deformation with

the shear strain γ is applied to the system. The
deformation gradient tensor E is

and

When the system has an isotropic structure before
shearing, the scattering function I0(q) can be written

Γ ≡ 1
l
dl
dt

(A1)

l ) 2πCσ
η
t (A2)

Γ(q) ) Cσ
η
q (A3)

r′ ) E‚r (B1)

I0(q) ) ∫g(r) exp(-iq‚r) dr (B2)

æ(r′) ) æ(r) (B3)

I(q) ) ∫g(r′) exp(-iq‚r′) dr′

) ∫g(r) exp(-iq‚E‚r)|E| dr
) |E|I0(q‚E) (B4)

E ) (1 γ 0
0 1 0
0 0 1 ) (B5)

q‚E ) (qx,γqx+qy,qz) (B6)
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as a function of the magnitude of the scattering vector

therefore, I0(q‚E) is represented by I0([qx2 + (γqx + qy)2
+ qz2]1/2). Since we observed the scattering pattern in
the xz plane, qy ) 0. In this case

which leads to

The scattering functions I0(q) and I(q) correspond to
I(q,t;φ)0) and I(q,t;φ) for our experiment, respectively,
with γ ) γ0 sin φ. Thus we obtain eqs 6 and 7 in the
text.
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MA961212C

q ) (qx
2 + qy

2 + qz
2)1/2 (B7)

I(q) ≡ I(qx,0,qz) ) I0([(1+γ2)qx
2+qz

2]1/2) (B8)

I(qx) ≡ I(qx,0,0) ) I0(qx[1 + γ2]1/2)
along the qx axis (B9)

I(qz) ≡ I(0,0,qz) ) I0(qz) along the qz axis (B10)
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