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ABSTRACT: Effects of a uniaxial compression on the phase-separation process of a binary mixture of
poly(styrene-ran-butadiene) (SBR) and polybutadiene (PB) were studied by means of time-resolved light
scattering. For this purpose, the uniaxial compression of γp ) 1 to 0.25 was imposed on the film which
was first subjected to isothermal phase separation in the absence of external deformations. The scattering
intensity distributions were detected as a function of scattering vector q in the plane perpendicular to
the compression axis with the incident beam parallel to the compression axis. After the compression,
the scattering vector at a maximum intensity qm(γp) abruptly decreased with γp nearly in accord with
affine deformation. In an earlier time after the compression, the peak scattering vector qm(t;γp) remained
unchanged with time t for a certain time period and then decreased in the same manner as that found
for the phase separation in the undeformed sample, indicating that a memory effect of the uniaxial
compression decays with time. Cahn’s linear analysis after the uniaxial compression in the time range
where qm(t;γp) was constant indicated that the growth rate R(q,γp) of the concentration fluctuations with
wave number q depends strongly on γp, clearly revealing that the growth process is nonlinear, depending
on the initial state. The effect of the uniaxial compression on the late stage spinodal decomposition was
also analyzed: the scaled structure factors perpendicular to the compression axis were determined as a
function of γp. The results indicated that the global scaled structure factor was almost identical to that
found for the undeformed case, although the local structure was affected by the uniaxial compression.

I. Introduction

Studies of phase-separation kinetics are current topics
from both industrial and academic points of view. Over
the past decade, a number of studies have been made
on the coarsening kinetics of the phase-separated
structure of polymer mixtures.1 The results have shown
that the coarsening process of the polymer mixtures
with a critical composition can be classified into the
following three stages: (i) early stage, (ii) intermediate
stage, and (iii) late stage. In the early stage of spinodal
decomposition (SD), the time evolution of concentration
fluctuations is well-described by the linearized theory
proposed by Cahn for small molecule systems,2 and the
concentration fluctuations grow exponentially with time.
In the intermediate stage of SD, the time evolution of
the concentration fluctuations becomes increasingly
nonlinear with time, and as a consequence, both the
wavelength and amplitude of the dominant mode of
concentration fluctuations grow with time. In the late
stage of SD, the amplitude of concentration fluctuations
reaches an equilibrium value, but the size of the phase-
separated structure keeps growing with time.3

Recently, Jinnai et al.4 reported the memory effect of
the initial thermal concentration on the early stage SD
for a mixture of deuterated polybutadiene and pro-
tonated polybutadiene measured by small angle neutron
scattering (SANS). They concluded that the thermal
concentration fluctuations present in the system before
the onset of the SD do affect both the early stage SD
and the early phase of the intermediate stage SD, giving
rise to the memory effect on the time evolution of the
characteristic wave number qm(t) and the maximum
scattered intensity Im(t) and hence on the ordering
process. However, the effect was not strong enough to

alter the q-dependent growth rate of the concentration
fluctuations in the Cahn-Hilliard-Cook (CHC) theory,2
and the early stage SD could still be treated in terms
of the CHC theory.
The present paper reports a new approach for inves-

tigating the effects of the initial concentration fluctua-
tions on the subsequent SD process. In this approach
we first develop a phase-separated structure in the
system which belongs to the intermediate stage SD.
Subsequently we impose uniaxial compression of vari-
ous compression ratios (γp) to the system in order to set
up various initial concentration fluctuations for a fur-
ther progress of the phase separation. We then inves-
tigate the SD process which develops under these well-
controlled initial conditions. In this way we can select
a much wider spectrum of concentration fluctuations,
both in terms of length scale and amplitude, as an initial
condition, than the previous study,4 which may facilitate
explorations of the intrinsically nonlinear nature of the
ordering process via SD. The aim of this study is to
contribute to our understanding of the nonlinear dy-
namics in the ordering process of thermodynamically
unstable systems.

II. Experimental Methods

II.A. Samples. Polybutadiene (PB) and poly(styrene-ran-
butadiene) (SBR) were polymerized by living anionic polym-
erization and had a narrowmolecular weight distribution. SBR
contains 80 wt % butadiene and had a number average
molecular weight (Mn) of 1.00 × 105 and Mw/Mn ) 1.18 (Mw

being the weight average molecular weight). PB has Mn )
1.60× 105 andMw/Mn ) 1.16. Fractions of cis, trans, and vinyl
linkages of the butadiene part as measured by infrared
spectroscopy are 0.16, 0.23, and 0.61 for SBR and 0.19, 0.35,
and 0.46 for PB.
II.B. Preparation of Mixture. Binary mixtures of SBR/

PB ) 70/30 (v/v) were dissolved into a dilute solution of toluene
(7 wt % polymer solution). The 0.15 mm thick film specimens
were obtained by evaporating the solvent at a natural rate at
about 25 °C in a Petri dish. The film specimens thus obtained
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were then dried under vacuum for more than 1 week at room
temperature.
The film specimens thus prepared were further homog-

enized by applying “Baker’s transformation” at room temper-
ature, i.e., by applying repeated folding and pressing over
many times, as reported earlier.5 The homogenized specimens
were quickly sandwiched between two glass plates with a
spacer of an appropriate thickness and were subjected to the
light scattering experiments.
II.C. Methods of Uniaxial Compression. The uniaxial

compression was performed on films (designated as as-
prepared film specimens) which were first subjected to the
homogenization process and then to isothermal demixing for
31 min at 60 °C, followed by rapid cooling to 25 °C. The as-
prepared film was compressed at 25 °C, unless stated other-
wise, after rapidly changing a spacer to a thinner spacer with
an appropriate thickness by putting a weight of 10 kg on the
top of the glass plates. The compression ratio γp was defined
as the ratio of sample thickness after the compression (d) to
that before the compression (d0).

The weight was then released, and the samples were im-
mediately used for light scattering experiments. The time
spent between the demixing process at 60 °C and the compres-
sion process and that between the compression process and
the onset of the light scattering experiment after the compres-
sion are negligibly short compared with the time scale of the
SD process. Thus, these time periods hardly affect the results
we discuss here. There was no recovery in the sample
dimension after the removal of the weight. The stress was
relaxed completely before the new folding-pressing was
applied in the Baker’s transformation process and before the
light scattering measurements were performed after compres-
sion.
II.D. Methods of Observation. The phase-separating

structure was investigated in real time by means of the time-
resolved light scattering technique. A 15 mW He-Ne laser
(λ ) 632.8 nm) was used as an incident beam source. The
compressed film was set into a metal block with two windows
for the incident and scattered beams and preheated at a
demixing temperature of 60 °C. The incident beam was
parallel to the film normal and hence the compression axis.
The scattering profiles were observed on the detector plane
set perpendicular to the incident beam. Thus, the scattering
vector q is approximately perpendicular to the uniaxial
compression axis.

III. Experimental Results

III.A. Effects of Uniaxial Compression on Phase-
Separated Domains. Figure 1 shows the light scat-
tering profile from the as-prepared film which was first
homogenized and demixed at 60 °C for 31 min (profile
a) together with those from the as-prepared films

subsequently subjected to the uniaxial compression at
60 °C; γp ) 0.68 (b), 0.50 (c), and 0.25 (d). The scattering
maximum arising from a periodic concentration fluctua-
tion, which was developed in the homogenized films via
SD process, shifts toward a smaller q with the compres-
sion, indicating the phase-separated domains expanded
in the direction perpendicular to the uniaxial compres-
sion axis. The compression was imposed to the film in
a few minutes. This time is much shorter than that of
the structural evolution driven by the thermodynamic
driving force but is longer than that for stress relaxation
and for the relaxation of molecular orientation.
III.B. Time Evolution of Scattering Profile after

Uniaxial Compression. Figure 2 shows the time
evolution of light scattering profiles at 60 °C from the
films after the homogenization but without compression
(γp ) 1). As time elapses, a scattering maximum
appears, the maximum intensity increases, and the
scattering vector qm at the maximum intensity shifts
toward small q. Here, the scattering vector q is defined
later in eq 3. This phenomenon which reflects the
coarsening of phase-separated domains was well-
described earlier.6,7

Figure 3 shows the time evolution of light scattering
profiles for the compressed films at 60 °C with γp ) 0.68
(a), 0.50 (b), and 0.25 (c). The time t was set equal to
zero right after the homogenization and the onset of the
phase separation at 60 °C. The films were first homog-
enized and then subjected to isothermal demixing at 60
°C for 31 min, followed by quenching to 25 °C. Then,
the films were uniaxially compressed and quickly
transferred to the heated block precontrolled at 60 °C
for further phase separation. In these figures, the time
change in the scattering profiles from 0.1 to 31.1 min
(curves 1-4) corresponds to that in the undeformed
state. Thus, the scattering profiles at a time of 31.1 min
(profile 4) are those obtained immediately before the
uniaxial compression. After the uniaxial compression
is imposed, the following changes in the scattering
profile were observed: (a) the scattering maximum
shifts toward a smaller q value without a significant
change in the maximum intensity (from profile 4 to
profile 5 in Figure 3); (b) at the beginning of the phase
separation process after the compression, the scattering
intensity increases with time without a significant
change in the scattering vector qm at the maximum
intensity.

IV. Analysis and Discussion

The scattered intensity at scattering vector q and
time t from the phase-separating structure is generally
given by

Figure 1. Light scattering profile for a film that was first
homogenized and then demixed by annealing at 60 °C for 31
min (γp ) 1) (a) and its change with the uniaxial compression
at 60 °C with the compression ratio of γp ) 0.68 (b), 0.50 (c),
and 0.25 (d).

γp ) d/d0 (1)

Figure 2. Time evolution of the scattering profiles on a
semilogarithmic scale during isothermal demixing at 60 °C for
the homogenized film. The time t ) 0 was taken immediately
after the homogenization process.
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where the magnitude of q is defined by

with λ and θ being the wavelength of light and the
scattering angle, respectively, both in the medium. K1,
〈η2〉, and S(qx/qmx,qy/qmy,qz/qmz,t) are a proportionality
constant, the mean-squared refractive index fluctuation
of our systems, and a scaling function characterizing
the shape of our structure at a given time, respectively.
The qk and qmk are components of the scattering vector
q and characteristic scattering vector qm (the scattering
vector at maximum scattered intensity) in the kth
direction (k ) x, y, z), respectively. Λk is a characteristic
length of the structure along the kth direction defined
by

We define the Cartesian coordinate Oxyz, in which the
Oz axis is normal to the film surface Oxy and parallel to
the axis of the uniaxial compression and to the propaga-
tion direction of the incident beam (see Figure 4). We
observe the scattered intensity distribution I⊥(qx,qy,t) in
the detector plane set normal to the Oz axis:

with

Under the uniaxial compression,

and

We note that the scattered intensity distribution in
the detector plane is circularly symmetric with respect
to the incident beam axis,

where

IV.A. Effect of Uniaxial Compression on the
Scattering Pattern. Here, we attempt to predict
effects of the uniaxial compression on the domain
structure developed by SD on the basis of affine
deformation. The characterization of the structure (the
concentration fluctuations) right after the compression
is important in order to identify the initial conditions
for a further progress of the phase separation after the
compression. From eq 13, the static scattering pattern
immediately after the uniaxial compression is described
by

with

The integrated intensity on the detector plane Q⊥ is
given by

where K3 is a constant. The scaled structure factor F⊥(x)
on the detector plane is given by

On the other hand, the static scattering pattern from
the isotropic structure, i.e., undeformed structure, is

Figure 3. Time evolution of the scattering profiles for the
compressed films with γp ) 0.68 (a), 0.50 (b), and 0.25 (c) at
60 °C. The films were first homogenized and then subjected
to the time-resolved LS experiment from 0.1 to 31.1 min at 60
°C (time zero is set right after the homogenization, i.e., the
onset of SD at 60 °C), followed by quenching to 25 °C, where
the uniaxial compression was imposed on the film, and finally
quickly transferred back to the block controlled at 60 °C for
further phase separation and the time-resolved LS experi-
ments. The scattering profile at 31.1 min (profile 5 shown by
circles) is immediately after the uniaxial compression, while
profile 4 shown by triangles is immediately before the com-
pression.

I(q,t) ) I(qx,qy,qz,t) )

K1〈η
2〉ΛxΛyΛzS(qx/qmx,qy/qmy,qz/qmz,t) (2)

q ) (4π/λ) sin(θ/2) (3)

Λk ) 2π/qmk, k ) x, y, z (4)

I⊥(qx,qy,t) ≡ I(qx,qy,qz)0,t)

) K2〈η
2〉qmx

-1qmy
-1qmz

-1S⊥(qx/qmx,qy/qmy,t) (5)

S⊥(qx/qmx,qy/qmy,t) ≡ S(qx/qmx,qy/qmy,qz/qmz)0, t) (6)

Λx ) Λy ≡ Λ⊥ (7)

qmx ) qmy ) qm⊥ (8)

Λ⊥ ) 2π/qm⊥ (9)

Λz ≡ Λ| (10)

qmz ) qm| (11)

Λ| ) 2π/qm| (12)

I⊥(qx,qy,t) ) I⊥(q⊥,t) )

K2〈η
2〉qm⊥

-2(t) qm|
-1(t) S⊥(q⊥/qm⊥,t) (13)

q⊥ ≡ (qx
2 + qy

2)1/2 (14)

I⊥(q⊥) ) K2〈η
2〉qm⊥

-2qm|
-1S⊥(x) (15)

x ≡ q⊥/qm⊥ (16)

Q⊥ ≡ ∫0∞I⊥(q⊥)q⊥ dq⊥ )

K2〈η
2〉qm|

-1∫0∞S⊥(x)x dx ) K3〈η
2〉qm|

-1 (17)

F⊥(x) ≡ I⊥(x)qm⊥
2 ) K2〈η

2〉qm|
-1S⊥(x) (18)

∫0∞F⊥(x)x dx ) K3〈η
2〉qm|

-1 (19)
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defined by

with

where qm0 is the characteristic wave number for the
undeformed structure (γp ) 1), and S(x) is the scaling
function for the undeformed structure. The correspond-
ing integrated intensity on the detector planeQ⊥ is given
by

The scaled structure factor for the undeformed structure
is defined by

similar to that for the deformed structure (eq 18). Note
that this definition is different from the conventional
definition (F(x) ≡ I(x)qm03).

where Λ0 is the characteristic length before the uniaxial
compression. If the change of the spacing obeys iso-
choric affine deformation

The value Λ0 and Λ⊥ as a function of γp can be
estimated from the peak scattering vectors qm0 and
qm⊥(γp) in the profiles shown in Figure 1 and from eq 9:
they are 0.76, 0.91, 1.1, and 1.8 µm for γp ) 1, 0.68, 0.5,
and 0.25, respectively. Figure 5 shows the plot of log-
(Λ⊥/Λ0) versus log γp. The solid line indicates the
relation for the isochoric affine deformation with slope
-1/2. The expansion of the spacing normal to the
compression axis seems to obey approximately the
isochoric affine deformation (result 1), though it is
slightly greater than that predicted by the affine
deformation for a larger compression deformation: its
reason was already discussed elsewhere.5 From eqs 17
and 24b, the measured integrated intensity on the plane
normal to the compression axis Q⊥(γp) is given by

Here q⊥max and q⊥min are respectively the magnitude of
the scattering vector q⊥ above and below which the
integrand goes effectively to zero.
Figure 6 shows Q⊥(γp)/γp as a function of γp. The

results indicate that the mean-squared refractive index
fluctuation 〈η2〉 is almost unchanged with the compres-
sion over the range of γp covered in this experiment
(result 2). xmax ≡ q⊥max/qm⊥ and xmin ≡ q⊥min/qm⊥ taken
are 0.5 and 1.5, respectively.
Figure 7 shows the scaled structure factor F⊥(x)

against the reduced wave number x on a double loga-

Figure 4. Coordinate system used in this work.

I(q) ) K2〈η
2〉qm0

-3S(x) (20)

x ≡ q/qm0 (21)

Q⊥ ≡∫0∞I(q⊥)q⊥ dq⊥ )

K2〈η
2〉qm0

-1∫0∞S(x)x dx ) K3〈η
2〉qm0

-1 (22)

F⊥0(x) ≡ I⊥(x)qm0
2 ) K2〈η

2〉qm0
-1S(x) (23)

γp ) Λ|/Λ0 (24a)

) qm0/qm| (24b)

Λ⊥/Λ0 ) γp
-1/2 (25)

Figure 5. Λ⊥/Λ0 versus γp on a double logarithmic scale. The
solid line indicates isochoric affine deformation with the slope
of -1/2.

Figure 6. Reduced integrated intensity Q⊥(γp)/γp vs γp.

Figure 7. Scaled structure factors F⊥(x;γp) on a double
logarithmic scale measured immediately after the uniaxial
compression with various γp’s at 60 °C.

Q⊥(γp) = ∫q⊥min

q⊥maxI⊥(q⊥)q⊥ dq⊥ ) K3〈η
2〉γpqm0

-1 (26)
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rithmic scale for γp ) 1 (diamonds, undeformed), 0.68
(squares), 0.50 (triangles), and 0.25 (circles). The
intensity of the scaled structure factor tends to decrease
with the compression deformation, i.e., decreasing γp.
Judging from the result obtained in Figure 6 and from
eq 18, this is interpreted to be primarily due to a
decrease of qm|

-1 with the compression deformation.
From eqs 18, 25, and 26 a reduced scaled structure

factor Fh ⊥(x)

is given by

Figure 8 shows the reduced scaled structure factor Fh⊥(x)
against x on a double logarithmic scale. The reduced
scaled structure factor is found to be approximately
universal with γp for γp g 0.5, i.e., for a small degree of
compression deformation. A slight broadening was
observed for a large degree of compression such as γp e
0.25. Thus, not only the spacing but also the structure
itself tends to be deformed affinely upon the compres-
sion deformation (result 3). The structure factor itself
reveals the bicontinuous phase-separated domain struc-
ture as describe earlier.8,9 However at the large defor-
mation of γp e 0.25, the structures are significantly
broadened.
The results in Figures 6-8 suggest that (i) the domain

structure normal to the compression axis is approxi-
mately scaled with the single length parameter qm⊥

-1

over the range of γp covered in this experiment with qm⊥
changing with γp according to the isochoric affine
deformation (results 1 and 3) and that (ii) 〈η2〉 is almost
unchanged with the compression (result 2). The char-
acteristic length scale Λ⊥ changes from 0.76 to 1.8 µm
and Λ| changes from 0.76 to 0.14 µm with decreasing
γp from 1 to 0.25.
IV.B. Phase Separation after Uniaxial Compres-

sion: Time Evolution of the Characteristic Wave
Number. Figure 9a shows the time changes in the
scattering vector qm⊥(t;γp) at the maximum intensity
measured at 60 °C for the undeformed case (diamonds)
(γp ) 1) and for deformed films with γp ) 0.68 (squares),
0.50 (triangles), and 0.25 (circles) on a double logarith-

mic scale. The crossover time tcr is explained later in
the text. The time evolution of the scattering function
for the undeformed case was well-described in our
earlier study.7 The scattering vector qm⊥(t;γp) for the
deformed films abruptly decreases toward a smaller q
by the uniaxial compression applied at a time as in-
dicated by an arrow marked with “compression” and
then slowly decreases or remains unchanged with
time until a certain time defined as tcomp at which
qm⊥(γp)1;t)tcomp) = qm⊥(γp<1;t)tcomp). The value
qm⊥(t;γp) then decreases with t at the same rate as the
value qm⊥(t;γp)1) decreases. The changes in qm⊥ with
time correspond to those in Λ⊥ from 0.80 to 3.9 µm (see
eq 9). The time tcomp appears to depend on γp; the larger
the degree of compression, the longer the time tcomp.
Thus, the memory effect of the uniaxial compression
decays during the ordering process after the compres-
sion at the level of qm⊥(γp)1) = qm⊥(γp<1), and there-
after the coarsening depends purely on temperature
(result 4).
The trend as described above is consistent with that

found by the computer simulation by Takenaka et al.8
They reported a computational study on the effect of a
1/2-uniaxial compression on the ordering process via SD
based on the time-dependent Ginzburg-Landau equa-
tion. They found that the characteristic wave number
qm|(t) shifts to higher q after the compression, and then
the time change in qm|(t) approaches that of the case
without the compression. On the other hand, qm⊥(t) first
shifts to the lower q by the compression, then it is kept
almost constant with time after the compression, and
finally the time change in qm⊥(t) approaches that in
qm0(t) without the compression. They also found that
the relaxation parallel to the compression axis is much
faster than that perpendicular to it. This anisotropy
in the relaxation behavior can be understood as a
consequence of the fact that the modes having higher q
have a higher energy and hence a stronger thermody-
namic driving force for the decay than those having
lower q.
Figure 9b shows the time changes of the maximum

scattering intensity Im⊥(t;γp) at 60 °C on the detector
plane for the undeformed film (diamonds) (γp ) 1) and
that for deformed films with γp ) 0.68 (squares), 0.50
(triangles), and 0.25 (circles) on a double logarithmic

Figure 8. Reduced scaled structure factor Fh⊥(x;γp) on a double
logarithmic scale measured immediately after the uniaxial
compression at various γp’s and at 60 °C.

Fh ⊥(x) ≡ F⊥(x)/Q⊥(γp) (27)

Fh ⊥(x) ) (K2/K3)S⊥(x) (28)

Figure 9. Time changes in the scattering vector qm⊥(t;γp) at
the maximum intensity (a) and the peak scattered intensity
Im⊥(t;γp) (b) on a double logarithmic scale from films subjected
to the uniaxial compression with various γp’s at 60 °C and at
a time indicated by the arrow marked “Compression”.
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scale. The result indicates that the maximum scatter-
ing intensity Im⊥ was not affected by the uniaxial
compression. Although the result is surprising at first
glance, we can recognize that it is consistent with those
given in Figure 5 (isochoric affine deformation), Figure
6 (nearly constant 〈η2〉 with γp), and Figure 8 (nearly
constant S⊥(x) with γp). Im⊥ ≡ I⊥(q⊥)qm⊥) is not affected
by γp, if γp does not alter 〈η2〉 and S⊥(x) (see eq 15).
IV.C. Phase Separation after Uniaxial Compres-

sion: Linear Analysis. In the earlier time after the
uniaxial compression, the characteristic wave numbers
qm⊥(t;γp) are almost independent of time, especially at
a large compression deformation (γp ) 0.25). Thus, we
tried to apply the linear analysis of SD to the time
evolution of I⊥(q,ta) in this time domain of 0 e ta < tcomp.
Hereafter, we suppress the subscript ⊥ in q⊥ and I⊥ for
simplicity; ta is the time spent after the uniaxial
compression. The linearized theory gives2

where R(q) is a growth rate of the concentration
fluctuations with wave number q after the uniaxial
compression and under the special initial condition
characterized by I(q,ta)0). In a small q regime where
qR0 , 1 (R0 being the unperturbed end-to-end distance
of polymers) one can show that R(q) is given by

whereDapp is the mutual diffusivity of polymer mixtures
and qm(0) is the characteristic wave number (the wave
number of dominant mode of concentration fluctua-
tions). The characteristic parameters Dapp and qm(0) of
the early stage SD for the undeformed specimens were
obtained in our earlier study:6 Dapp ) 27 nm2 s-1 and
qm(0) ) 9.3× 10-3 nm-1 at 60 °C; the characteristic time
tc ) 430 s where tc is defined by tc ≡ (qm2(0)Dapp)-1 at
60 °C. The time (31 min) at which the compression was
imposed on the as-prepared films corresponds to the
reduced time τ ) 4.3, where τ is defined as τ ≡ t/tc. The
crossover time tcr from the intermediate stage SD to the
late stage SD for this system is tcr ) 72 min.6 Therefore
the uniaxial compression was imposed at an intermedi-
ate stage. Note that the crossover was found3 to occur
at τ = 10 so that tcr ) 10tc.

Figure 10 shows the variations of logarithmic scat-
tering intensity ln I(q,t) with ta at various scattering
vectors q during the demixing at 60 °C after the uniaxial
compression for γp ) 0.68 (a), 0.50 (b), and 0.25 (c). As
shown in the figure, the scattered intensity apparently
increases exponentially with time in the early stage of
the ordering process after the compression over the q
range covered in this experiment. One can find that
the apparent linear time region (i.e., the time region
where the linearized theory of eq 29 is apparently
applicable) expands with an increase of the compression
(result 5). The deviation of the intensity increase from
the exponential behavior is seen in the later time,
reflecting the shift of the scattering maximum toward
smaller q due to the nonlinear nature of the ordering
process. The q-dependence of the growth rate R(q) in
the early stage was estimated on the basis of eq 29. The
results obtained at various γp are plotted in Figure 11.
At a small compression deformation (γp ) 0.68) the

maximum growth rate is found at q ) qm = 6 × 10-3

nm-1 (the arrow marked a). This maximum shifts
toward smaller q with an increasing degree of the
compression as shown by the arrows a-c, and the
maximum growth rate decreases with an increasing
degree of the compression. The values qm shown by the
arrows a-c coincide with those observed in the scatter-

Figure 10. ln I⊥(q,t;γp) vs ta (ta, time after the uniaxial compression) for films subjected to the uniaxial compression at 60 °C
with γp ) 0.68 (a), 0.50 (b), and 0.25 (c).

Figure 11. Growth rate of the concentration fluctuations
R(q;γp) as a function of q for the films subjected to the uniaxial
compression at 60 °C with γp ) 0.68 (a), 0.50 (b), and 0.25 (c).
The arrows indicate a shift of the scattering vector at the
maximum intensity qm⊥(γp) with uniaxial compression.I⊥(q⊥,ta) ≡ I(q,ta) ) I(q,ta)0) exp[2R(q)ta] (29)

R(q) ) q2Dapp[1 - q2/2qm
2(0)] (30)
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ing profiles immediately after the compression and
hence reflect the growth behavior of the dominant mode
of the concentration fluctuations after the deformation.
We define this mode as a preexisting mode, because it
existed right after the deformation and even before a
further progress of the phase separation after the
deformation. In addition to the growth of the dominant
mode, we found that a growth of new modes of concen-
tration fluctuations appears at higher q values, having
a maximum growth rate at q > qm (see, for example,
thick arrow c′ for the data obtained at γp ) 0.25). For
the data obtained at γp ) 0.50, the new modes appear
at q > 9 × 10-3 nm-1 outside the window of our
observation. These new modes appear to grow in
superposition of the preexisting modes of the concentra-
tion fluctuations. Thus, we obtained the following
pieces of evidence on the ordering process (result 6): the
growth of the new modes strongly couples with that of
the preexisting modes, giving rise to a strong γp depen-
dence of R(q). Thus, the results clearly reveal that the
growth process is intrinsically and highly nonlinear.
We next consider how the integrated intensity on the

detector plane Q⊥(t;γp) changes with time during the
ordering process after the compression. From eq 17 we
obtained

Note that Q⊥ in eq 17 is the intensity at a time
immediately after the compression. Figure 12 shows,
on a double logarithmic scale, the integrated intensity
Q⊥(t;γp) as a function of time for the films imposed to
various γp. The results indicate that, at an earlier time
after the uniaxial compression, the level of the Q⊥(t;γp)
was affected by γp, namely, the larger the degree of
compression, the lower the level of the Q⊥(t;γp). This is
simply because qm| increases but 〈η2〉 is unchanged, as
verified earlier in section IV.A, with the compression
(see eq 26 or 31). The increase of Q⊥ with time at a
given γp is primarily due to an increase of 〈η2〉 with t in
the early stage; however, in the late stage the increase
is only due to the increase of qm|

-1 (i.e., for the data at
γp ) 1, this regime occurs at t > tcr). The increase of
qm|

-1 corresponds to the increase of the characteristic
length Λ| from 1.8 µm right after the compression to
3.9 µm at the end of our experiment for the case of γp )
0.25 (result 7). Again the memory effect of the uniaxial
compression decays at a long enough time after the
uniaxial compression. As a result the coarsening pro-
cess depends only the phase-separation temperature.
IV.D. Phase Separation after Uniaxial Compres-

sion: Scaled Structure Factor. Here, we analyzed

the scaled structure factor. The main concern here is
how the scaling function changes with time after impos-
ing the uniaxial compression. If the time evolution of
the scattering profile obeys the dynamical scaling law,11
the time evolution of the scattering function I(q,t;γp) is
given in terms of the universal scaling function S. The
scaled structure factor on the detector plane is defined
by

similarly to eq 18 (note that eq 18 defines the structure
factor immediately after the compression). From eqs
31 and 32, the reduced scaled structure factors Fh ⊥(x)
are defined as follows and given by

similarly to eq 28.
Figure 13 shows the reduced scaled structure factor

Fh ⊥ at γp ) 1. Note that the crossover time tcr between
the intermediate stage and the late stage was 72 min,
so that part a corresponds to that in the intermediate
stage and parts b and c to those in the late stage. Note
also that even in the intermediate stage the scaled
structure factor Fh ⊥ normalized with Q⊥ ∼ 〈η2〉 is nearly
universal with t, indicating that the global structure
manifested by Fh ⊥ at 0.5 e x e 1.5 grows with the
dynamical self-similarity: only 〈η2〉 and the length
parameter qm⊥

-1 increase with time. The scaled struc-
ture factor reveals that the phase-separating domain
structure is bicontinuous, as clarified earlier.8,9 The
high-order maximum was observed at x = 2 in parts b
and c. Fh ⊥(x) has the asymptotic behavior xn with n =
-6 in a range of 1 < x < 2 and n ) -4 in a range of x
> 2 as described earlier.9 The domains with a suf-
ficiently uniform spatial periodicity are essential to the
high-order peak in Fh ⊥(x) at x = 3. The increase of Fh ⊥(x)

Figure 12. Changes in the integrated scattering intensity
Q⊥(t;γp) with time on a double logarithmic scale for the films
subjected to the uniaxial compression at 60 °C with various
γp.

Q⊥(t;γp) ) K3〈η(t)
2〉qm|

-1(t) (31)

Figure 13. Reduced scaled structure factor Fh ⊥(x) on a double
logarithmic scale at 60 °C with x ≡ q/qm0 for the film without
compression (γp ) 1).

F⊥(x,t) ≡ I⊥(x,t) qm⊥
2(t) ) K2〈η(t)

2〉qm|
-1(t) S⊥(x,t)

(32)

Fh ⊥(x,t) ≡ F⊥(x,t)/Q⊥(t;γp) ) (K2/K3)S(x,t) (33)
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at x > 2 in part b is due to a narrowing of the interface
thickness tI (late stage I).10 However, in the later part
of the late stage (late stage II), Fh ⊥(x) becomes universal
with t, even at x > 2, because the interface thickness
relative to Λ0 becomes negligibly small.10
Figure 14 shows the reduced scaled structure factor

Fh ⊥(x) at γp ) 0.25. Note that the scaled structure factor
at 31.1 min in part a is the one obtained immediately
after the compression. In parts b and c, the higher order
maximum at x = 3 disappears (cf. Figures 13b and 14b),
and the power law behavior Fh ⊥(x) at 1 < x < 2 is found
to change such that the exponent n changes from -3 to
-4 at an earlier time after the uniaxial compression (at
a time between 62 and 75 min in part a in this figure).
The curious change of the x-dependence of the Fh ⊥(x)
seems to originate from generation of the new concen-
tration fluctuations with high-qmodes and their growth.
The scaled structure factors at later stages (curve b to
c) are essentially identical to that of the undeformed
case (part b to c) in Figure 13). Thus, in the time
domain covered by parts b and c, the uniaxial compres-
sion appears to change only the characteristic wave
number qm⊥(t) and qm|(t): after the compression the
domain structures grow with the dynamical self-
similarity and the structures grown are statistically
identical to those grown in the absence of the deforma-
tion (result 8). Note that the time tcomp beyond which
the evolution of qm⊥(t;γp)0.25) is equal to that of qm⊥-
(t;γp)1) is 172 min. This was judged from a global
parameter qm⊥(t;γp) in Figure 9. Therefore, in the time
domain covered in part c, the memory effect of the
uniaxial compression on the characteristic wave number
has essentially decayed. A closer observation of the
scaled structure factor, however, shows the following
feature associated with local structures such as the
interface; i.e., the scaled structure factor for the com-
pressed specimen at x > 1.5 is slightly smaller in the
intensity than that for the undeformed case. This
implies that the interface thickness relative to the
domain size is slightly greater for the compressed

specimen than that for the undeformed specimen. Thus,
the uniaxial compression tends to affect the interface
structure perpendicular to the compression axis (result
9). In fact the intensity of Fh ⊥(x) at x > 1.5 tends to
increase at a long time covered in part c, indicating that
the narrowing of the interface thickness occurs ef-
fectively on this time scale.

V. Conclusion
Light scattering experiments have been performed on

the phase-separation process of binary mixture of SBR
and PB subjected to uniaxial compression as a function
of compression ratio γp. The scattering profile was
observed as a function of scattering vectors perpendicu-
lar to the compression axis. Immediately after the
compression of the film which was first homogenized
and then demixed at 60 °C for 31 min, the scattering
vector qm⊥(γp) at the maximum intensity shifts toward
smaller q, essentially according to isochoric affine
deformation. Thus, the characteristic length changes
according to the affine deformation with the compres-
sion. It is also shown that the structures as a whole
tend to deform affinely. The reduced integrated inten-
sity of the scattering function Q⊥(γp)/γp was almost
constant against various γp covered in our experiments,
indicating that the mean-squared refractive index fluc-
tuation 〈η2〉 was hardly changed by the uniaxial com-
pression.
In the phase-separation process after the uniaxial

compression, the time change in the scattering vector
qm⊥(t;γp<1) at the maximum scattering intensity was
considerably slowed: in the case of γp ) 0.25, it remains
unchanged for a while after the compression. As time
elapses qm⊥(t;γp) approaches qm0(t), the time change in
the characteristic wave number in the absence of the
compression, indicating the memory effect of the uniax-
ial compression on qm⊥(t;γp) eventually decays with time.
On the other hand, the time evolution of the peak
scattered intensity Im⊥(t;γp) was not affected by γp. This
is because the changes in 〈η2〉, qm⊥

-2qm|
-1, and S⊥(x) with

time are hardly affected by the compression. In an
earlier time after the uniaxial compression, the expo-
nential growth of I⊥(q,t;γp) with time was apparently
observed. The time domain where the linearized theory
of eq 29 is applicabe expanded with an increased degree
of the compression. Cahn’s linear analysis revealed the
following nonlinear effects on the growth of the fluctua-
tions after the compression: (i) the growth rate of the
modes of the fluctuations newly developed after the
compression, especially in the high-q range (q > qm⊥),
strongly couples with that of the dominant mode of the
fluctuations with the wave number qm⊥(γp) existing right
after the compression; (ii) the growth rate R(q;γp) of the
fluctuations at various q strongly depends on γp, i.e.,
the initial concentration fluctuations existed immedi-
ately after the compression.
The scaled structure factor was determined as a

function of γp. The scaled structure factor for the
compressed film is essentially identical to that of the
undeformed case, especially at q satisfying q/qm e 2.
Even after the compression, the domains grow with the
dynamical self-similarity. The structures are statisti-
cally identical to those grown in the absence of the
deformation and therefore bicontinuous as clarified in
our earlier studies.8,9 However, the local structure
factor related to the interface of the phase-separating
domains was affected by a large uniaxial compression
(e.g., γp ) 0.25); the large compression tends to increase
the interface thickness.

Figure 14. Reduced scaled structure factor Fh ⊥(x) on a double
logarithmic scale at 60 °C with x ≡ q/qm⊥ for the film with γp
) 0.25.
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