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Abstract

We studied the effects of a step-up shear flow from zero shear rate to the given shear rate, v, on formation of shear-induced structures for
a semidilute polystyrene (PS)/diethyl malonate (DEM) solution below its cloud point temperature where the solution undergoes phase separation
via spinodal decomposition (SD) in quiescent state. We elucidated that the effects of step-up shear can be divided into two regions: below and
above a critical shear rate, y.sp. At ¥ < ¥ sp, growing phase-separated domains via SD are found to be deformed under the flow, so that FFT
spectra of the shear-microscopy images become elliptical with the wave number g,,, at the maximum intensity parallel to the flow being smaller
than the corresponding wave number ¢,,, parallel to the neutral axis. However, strikingly enough, the aspect ratio ¢y,./qm . of the elliptic spinodal
ring observed for this system was much smaller than that observed for binary fluids. The unique feature was proposed to be the elastic effect
inherent in this system. When 7 is larger than . sp, however, initially phase-separating structures via SD are strongly deformed and distorted.
Interestingly enough, the light scattering pattern was transformed from the isotropic ring pattern into the butterfly pattern. This is interpreted as
follows: when ¥ > 7. sp, there may not be enough time for the domains composed of elastically deformed swollen-network chains to relax, and
consequently the domains are cooperatively disrupted. The disrupted domains tend to squeeze solvent in order to release the elastic free energy
stored in the deformed swollen-network chains, resulting in anisotropic domain more extended to neutral axis than flow direction and hence
giving rise to the butterfly pattern.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction are some reports concerning two-dimensional (2D) computer

simulations [8]. Therefore, in this paper, we shall present

In the last three decades, the shear-induced concentration
fluctuations and/or phase separation have been extensively
investigated for thermodynamically stable, single-phase, and
semidilute polymer solutions in quiescent state [1—7]. How-
ever, there are no experimental studies on the effects of a shear
flow on the phase-separation processes of semidilute polymer
solutions in two-phase region at quiescent state, although there
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our works that challenged to study how the shear flow affects
the phase-separating structure in semidilute polymer solutions.
This may further enrich our knowledge concerning the forma-
tion of dissipative structure (ordered structures developed in
open nonequilibrium systems) in the thermodynamically
unstable state as well as the stable state. For this purpose,
we first quenched our system into the thermodynamically
unstable state to develop the isotropic phase-separating struc-
ture via spinodal decomposition (SD) in a quiescent solution,
and then imposed the step-up shear flow to the same system
which has the as-developed SD structure. We investigated
the time changes in the phase-separating structure after the
onset of the step-up shear flow as a function of shear rate.
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Before going into detailed discussion, we shall first describe
the background of present work.

If the dynamical properties of each component in binary
mixtures, such as viscosity and self-diffusion coefficient, are
symmetric, the shear-induced mixing and/or homogenization
occurs for the systems in thermodynamically unstable state or
two-phase region, provided that the segregation power or inter-
facial tension is sufficiently small compared to the mechanical
energy imposed to the systems [9—17]. The shear-induced
homogenization or single-phase formation is clearly demon-
strated by a distinct difference in the scaled structure factors
before and after the homogenization [9,14]. Theoretically,
the dynamics of concentration fluctuations of dynamically
symmetric binary fluids, such as simple liquid mixtures
and polymer blends, is expressed by so-called model H [18]
which includes the effects of the hydrodynamic interactions.
The model H predicts that the hydrodynamic interactions
shift downward the critical temperature as also suggested by
Onuki [17].

On the other hand, if the systems are dynamically asym-
metric, such as semidilute solutions of high molecular weight
polymers and polymer mixtures having a large difference in
molecular weights [3—7,9,17,19—21] or glass transition tem-
perature, T, [22], the shear-induced concentration fluctuations
and/or phase separation occur even in the case of thermody-
namically stable state or one-phase region. We have explained
this phenomenon by the solvent squeeze mediated by the
elastic effects [6,7,20,21]. In quiescent semidilute polymer
solutions, there are thermal concentration fluctuations, giving
rise to regions of higher and lower polymer concentrations
which have higher and lower number densities of entangle-
ment couplings, respectively. The stress built-up in the systems
is borne only by the slow component, which is a polymer,
because solvent (the fast component) relaxes much faster than
polymer. As a result, stress imbalance arises [23—26]. When
the shear flow is imposed on such systems, the stress borne
by polymers tends to become higher in the more entangled re-
gions due to the concentration dependence of the viscosity and
the normal stress coefficients. The stress or the elastic free
energy stored in the solutions by deformation of the swollen
entangled polymer chains is relaxed by disentanglements,
when the shear rate, v, is smaller than the terminal relaxation
rate, Tv_vl, of the solution. However, when v is higher than T\;],
the elastic free energy is released only by squeezing of
solvent: squeezing of solvent can relax conformation of the
deformed swollen entangled chains and hence stored elastic
energy. The higher the concentration is, the larger the stored
elastic free energy is, and therefore the more the solvent is
squeezed. As a result, concentration fluctuations are built up
under the shear flow against the osmotic pressure.

The theoretical framework for the dynamically asymmetric
systems is proposed by Helfand and Fredrickson [23], Milner
[24], and Onuki [25,26] (HFMO). The HFMO theory takes
into account the dynamical coupling between stress and diffu-
sion. This coupling becomes dramatically remarkable when
the constituents of a mixture have a very large dynamical
asymmetry. According to the theory, the dynamics of

concentration fluctuations is described by the following gener-
alized time-dependent Ginzburg—Landau (TDGL) type equa-
tion where the coupling between stress and diffusion is
incorporated in the second term of the bracket in right hand
side (rhs) of the equation below,

<%+VXV)¢V><L[V%0NXU(”)]

+ (H.D. term) +0, (1)

where v is the volume average velocity, ¢ the volume fraction
of polymer, L the Onsager kinetic coefficient, F the free
energy functional, ¢ the stress tensor of the polymer under
a flow, H.D. term the hydrodynamic interaction term [27],
and 0, is the thermal noise term. Here « is the dynamical
asymmetry parameter.

In the case of dynamically symmetric systems, o becomes
zero, so that Eq. (1) reduces to model H [18]. However, « is
not zero for dynamically asymmetric systems and becomes
a = 1/¢ for polymer solutions. When such systems in a ther-
modynamically single-phase state are brought under the shear
flow, the stress term produces the instability of concentration
fluctuations [28]. Therefore the shear-induced concentration
fluctuations and/or phase separation occurs, even though the
systems are in one-phase region at quiescent state.

When the solutions are subjected to a shear flow in the
thermodynamically unstable region at quiescent state, the term
associated with the thermodynamic force (‘““the first term’ in
the square bracket of rhs of Eq. (1)), the hydrodynamic inter-
action term, and the noise term, 6, as well as the stress term
(“the second term” in the square bracket of rhs of Eq. (1))
enhance the concentration fluctuations. On the other hand,
the stress term is the only trigger to enhance the concentration
fluctuations when the solutions are in a thermodynamically
stable state at quiescent state.

We expect that the second term becomes significantly im-
portant relative to the first term for the formation of shear-
induced structures with increasing . Thus we anticipate that
there may be a critical shear rate, defined hereafter as 7. sp,
above which the second term dominates the first term; ycsp
is defined as the critical shear rate, when the system is in
the spinodal region in the phase diagram. We aim to investi-
gate whether there are some dramatic differences in the
shear-induced structures below and above Y. sp. Y¢sp should
formally correspond to the critical shear rate, y., in the
thermodynamically stable solutions where the second term
for enhancing concentration fluctuations outweighs the first
term for decaying concentration fluctuations.

2. Experimental methods
2.1. Materials
The system studied is polystyrene (PS) dissolved in diethyl

malonate (DEM). The weight-average molecular weight, M.,
of PS is 5.48 x 10° and the heterogeneity index for the
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Fig. 1. Cloud point curve of the PS/DEM solution. Filled circles denote the
cloud point, and crosses denote the temperature and concentration at which
the light scattering experiments and the microscope observations were carried
out. The dotted line is a visual guide.

molecular weight distribution, M,/M,, (M,: number-average
molecular weight) is 1.15. The concentration of PS, ¢, pre-
pared was 6.0 wt.%. The c/c* value is about 7 for this system
at 27 °C, where the c* is the overlap concentration described
in the previous paper [7]. The solution has the ® temperature
of 35 °C and the cloud point, T, 32 °C in quiescent state. It
has an upper-critical-solution-temperature (UCST) type phase
diagram as shown in Fig. 1.

2.2. Light scattering and optical microscopy

Small-angle light scattering (SALS) experiment under
the continuous shear flow was carried out with a flow-SALS
apparatus [29]. The two-dimensional (2D) SALS patterns
on a screen, placed as shown in Fig. 2(a), were captured by
a CCD camera. An He—Ne laser having a wavelength of
632.8 nm was used as an incident beam source. We detected
the scattering patterns in the ¢,—¢, plane by using a transparent
cone-and-plate type shear cell made of quartz with 80 mm
diameter and 1° cone angle. Here ¢ is the magnitude of the
scattering vector, q, and x, y, and z axes are taken parallel to the
flow direction, the velocity gradient direction, and the neutral
direction, respectively. gy, ¢, and g. are the respective compo-
nents of q. The schematic diagram of the apparatus is shown in
Fig. 2(a) together with the optical set-up, and the coordinate
system. Fig. 2(b) demonstrates one of the typical SALS pattern
developed for the same solution chosen in present study after
the onset of the shear flow above 7. at 50 °C which is above
T, in quiescent state. This anisotropic pattern is so-called
“butterfly” pattern [4,5], reflecting shear-enhanced concentra-
tion fluctuations induced in the single-phase solution. The
figure also defines the azimuthal angle, u, for the scattering
pattern. We measured in situ and at real time changes in the
real space images, too, under an optical microscopy with a
halogen lamp as a light source [29], though Fig. 2(a) does
not show this part.

(a)

A CCD Camera
for Detection of Scattering Patterns
or Microscope Images

Screen for
Scattering Experiment

Quartz Cone & Plate

(b)

g=1x1 03 nm™!
dx

Fig. 2. (a) Schematic diagram of the shear-SALS set-up and definition of
Cartesian coordinate. The x axis is parallel to the flow direction, the y axis to
the shear gradient direction, and the z axis to the vorticity or neutral direction.
The propagation of the incident beam is along the y axis, and light scattering
intensity distribution is recorded in the ¢,—¢. plane. Here ¢ is the amplitude
of the scattering wave vector, q, defined as g = |q| = (470/2) sin(6/2), where
A is the wavelength of the incident beam, 6 the scattering angle in medium,
and the ¢,, g, and ¢. are the respective components of q. (b) The typical
shear-induced butterfly type SALS pattern at ¥ = 100 s~! observed for a
single-phase state of PS/DEM 6.0 wt.% at T = 50 °C, which is above the cloud
point temperature as indicated by the upper cross symbol in Fig. 1. u is the
azimuthal angle for the scattering pattern.

2.3. Initial condition before shear-jump

The phase-separating structure of PS/DEM as an initial
state was prepared by the following way: after installing the
solution in the shear cell, it was annealed at 50 °C, which is
well above T, =32 °C, for about 3 h to erase any thermal
and shear histories of solutions. The solution was then
quenched to 30 °C which is lower than the cloud point by
2 °C. The quench induced the spinodal decomposition (SD),
and a periodic phase-separating structure was formed. When
the characteristic length of the spinodally decomposed domain
structures became about 10 um, we applied a step-up shear
flow to the samples from 0s~' directly to given shear rates,
and then observed further changes in the light scattering
patterns and optical microscope images. We shall report our
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results obtained at 0.1 and 3.16 5™, as representative results
below and above v, sp, respectively.

3. Results

3.1. Effects of a weak shear flow of ¥ = 0.1 s~ on
phase-separating structures

Effects of the shear flow on the phase-separating structures
developed via SD in the thermodynamically unstable region,
as described in Section 2.3, are explored by means of the
real space analysis as also described in Section 2.2. Fig. 3
shows transmission optical micrographs (top halves) and the
corresponding two-dimensional fast Fourier transformation
(2D-FFT) patterns (bottom halves). In order to examine the
characteristic wave number of the dominant Fourier modes
of the concentration fluctuations under the flow, we estimated
the scattering vector (,, at the FFT intensity maximum, as
demonstrated, for example, in Fig. 4 by arrows. The value of
qm Wwas determined by best-fitting procedure to the FFT
data. The trajectory of q, is also drawn as a white dotted
line for each FFT pattern in Fig. 3(f)—().

Fig. 3(a) shows the microscopic image of the initially phase-
separating structure just before imposition of the shear flow
(t=0-5s). The seemingly bicontinuous phase-separating struc-
ture has been formed by the isothermal spinodal decomposition
at 30 °C as evidenced by the spinodal ring in the corresponding
2D-FFT pattern in part (f). The spinodal ring is more clearly
evidenced by Fig. 6(a), which will be shown later. At t=0s,
the 2D-FFT image is isotropic, and the intensity maximum
occurs at ¢ = ¢y, = 7 x 107 nm ™" independently of azimuthal
angle, u, as shown in Fig. 3(f), where ¢, is the magnitude of q
at the maximum intensity. Since the dominant wavelength of
Fourier modes of the concentration fluctuations, A, is given
by Ay = 27/qm, A is estimated to be ~10 um at t=0s.

Flow Direction ———

(b)100s

0(.)>"<“1 02 nm’!

fos (g) 100s

c) 300s

(h) 3005

After the onset of the weak shear flow with ¥ = 0.1 s™!, the
bicontinuous phase-separating structure grows very slowly as
shown in Fig. 3(b)—(e). From each corresponding 2D-FFT pattern
in parts (g)—(j), the trajectory of q,, shrinks along g, with time
and gradually becomes an elliptical ring elongated along ¢.,
indicating that the characteristic length of the deformed
domain structure along x increases with time. However, at
100 s, the 2D-FFT pattern is nearly isotropic, and g, along x
and z axes is almost same as that at r=0s, even though the
total strain imposed on the system is as large as vyt = 10. To
our big surprise, this indicates that the effect of the shear
flow on the deformation of the spinodal ring seems apparently
very small. We shall further discuss the observed surprise and
our interpretation in Section 4 later. By 600 s, the image con-
trast increases, so that the pattern consisting dark and bright
regions becomes more distinct, and the trajectory of qp
becomes surely elliptic. The elliptic pattern indicates that the
phase-separating structure is elongated along the flow direc-
tion with A, parallel to the flow direction (/,,,) being larger
than that perpendicular to the flow direction (A,,,). We expect
that the development of the concentration fluctuations via SD
is very slow due to the viscoelastic effects [30,31] as described
already in Section 1.

In order to make more quantitative observation, we show
the relative intensity distribution of each 2D-FFT image of
Fig. 3(f)—(j) in Fig. 4. The peak position, ¢,,, shifts toward
small ¢ with time for both parallel and perpendicular to the
flow direction, though ¢, parallel to the flow direction, gy,
decreases faster than ¢, normal to the flow direction, ¢,., as
described above. The time dependence of ¢, and g, is
shown in Fig. 5. Obviously, phase-separating structure grows
very slowly and becomes asymmetric only at about 300 s after
the onset of the shear flow. The very slow growth is due to the
elastic effects, which is consistent with the earlier reports in
the quiescent solutions [30,31].

203%1073 nm™!

(i) 600 (j) 1000 s

Fig. 3. Transmission optical microscope images, (a)—(e), and their corresponding 2D-FFT images, (f)—(j), of PS/DEM 6.0 wt.% at ¥ = 0.1 s~ and at 30 °C, which
is 2 K below the cloud point temperature. The annotation beneath in each image or pattern indicates the time after which shear flow was imposed on the system.

The flow direction (the x axis) is along the horizontal direction.
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Fig. 4. Time-dependent relative intensity profiles obtained from 2D-FFT images in Fig. 3(f)—(j) along ¢, and ¢. for PS/DEM 6.0 wt.% at ¥ = 0.1 s~! and at 32 °C.
Consecutive intensity profiles have been shifted vertically in order to avoid overlap. The arrows indicate ¢ values at maximum intensity, ¢y, and ¢,,,, at various

times after onset of shear flow.
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Fig. 5. Time evolution of ¢y, and ¢, as evaluated from Fig. 4(a) and (b),
respectively.

3.2. Effects of a strong shear flow of ¥ = 3.16 s~ on
phase-separation structures

The simple shear flow of ¥ = 3.16 s~! is imposed on the
phase-separating system at 7= 30 °C. The initial state before
applying the flow is almost the same as that of ¥ = 0.1 s™!
described in Section 3.1. Before applying the shear flow, the
scattering pattern exhibits a “spinodal ring” pattern as shown
in Fig. 6(a), which indicates that the phase-separating structure

is isotropic. In the time scale from immediately after the
onset of the shear flow to the first 1 s (Fig. 6(b)), the ring
pattern was kept in the same size as that in Fig. 6(a), although
vt is already as large as about 3. Then a strong intensity
maximum emerges approximately along the ¢, and the —g,
directions at +=2s, while that of along ¢, is decreasing
with time. This causes butterfly like scattering pattern as
shown in Fig. 6(c).

Upon further increasing the time, the intensity along g, and
a spread of the butterfly pattern along u increase further. At
t =3 s after the onset of the shear flow (Fig. 6(e)), the scatter-
ing intensity along ¢, as well as that along higher u become
even higher and the butterfly expands its wings in the ¢,—q,
plane, resulting in sharpening or narrowing of the “dark
streak” around the ¢, axis [4,5]. The intensity increase of
the anisotropic pattern indicates that the amplitude of concen-
tration fluctuations is increased in all directions except for the
z direction. From Fig. 6(f) (t=4 s), it is clear that the initial
spinodal ring-like pattern completely disappeared and is
turned over by the butterfly pattern with the strong scattering
intensity.

The butterfly-shaped patterns gradually shrink in the ¢,—¢.
plane, indicating the coarsening of the domains parallel to the
flow. The concentration fluctuations perpendicular to the flow,
which had a characteristic wavelength, A,,,., at the initial state,
are completely suppressed by the flow. Since the butterfly pat-
tern neither disappears nor changes its own shape during the
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Fig. 6. Time evolution of 2D-SALS patterns for PS/DEM 6.0 wt.% at ¥ = 3.16 s~! and at 30 °C. The characteristic length of concentration fluctuations at the initial
state before imposing the shear flow, as evaluated from pattern (a), was (A, = 27/g, =) 10 £ 2 pm. The annotation beneath each pattern indicates the time after

which shear flow was imposed on the system.

presence of the shear flow as shown in Fig. 6(g) and (h), these
scattering patterns reflect their steady-state structures formed
under the steady shear flow at shear rate of 3.16s™".

Finally we briefly compare some differences between the
butterfly scattering developed in the single-phase solution
(Fig. 2(b)) and that in the two-phase solution. Fig. 7 compares
the two butterfly patterns in terms of contour plots comprised
of a series of iso-intensity lines. The black and red lines,

q=1><10‘3 nm’’

Fig. 7. The contour plots of the steady-state butterfly patterns for PS/DEM
6.0wt.% at ¥ = 100s~! and at 50 °C (single-phase region) and at ¥ =
3.16 s7! and at 32 °C (two-phase region). The black and red lines, respec-
tively, indicate the steady-state butterfly in single-phase region and in two-
phase region. The numbers indicated on each contour line represent intensity
ratio of each line with respect to the intensity of the contour line numbered 1.
The relative intensity level for the pattern in red is higher than that in black by
at least 10 times.

respectively, show the steady-state butterfly in Fig. 2(b)
(¥ = 100s~! at 50 °C) and that in Fig. 6(h) (y = 3.16 57!
at 32 °C). The two contour patterns shown in Fig. 7 are appar-
ently similar to each other over the g-range covered in the
figure, except for a big difference in the intensity level: the in-
tensity level for the pattern in Fig. 6(h) is higher than that in
Fig. 2(b) by at least 10 times. The structure created under
a shear flow surely depends on the temperature and the shear
rate. Nevertheless, the results reveal that the amplitude of
concentration fluctuations built-up is larger for the solution
in initially two-phase region than that in initially one-phase
region. Our explanation will be described afterwards in the
context of the HFMO theory.

It should be noted that the similarity of the red and black
patterns in Fig. 7 is limited to higher ¢ values: the pattern in
black becomes more and more isotropic at low g values,
while the pattern in red stays highly anisotropic. This may
be primarily due to an artifact arising from the parasitic
scattering from incident beam at the low ¢ values. This arti-
fact more strongly affects the net scattering in the low ¢
region in the case of T=150°C than in the case of T=
30 °C, because the parasitic scattering is independent of tem-
perature, while the true scattering at 50 °C is much weaker
than that at 30 °C.

4. Discussion

We shall now discuss the strong shear-rate dependence of
the dissipative structures formed for systems in the two-phase
region in the context of the generalized TDGL equation
given by Eq. (1). Since « is not zero for our semidilute
solution, the shear flow affects our system through the veloc-
ity field and the stress term. In this case, the shear-rate
dependence can be divided into two regions at the critical
shear rate, ycsp.
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4.1. Weak shear-flow region (v < ¥csp)

When ¥ < 7y sp, the domains grow, driven by the thermo-
dynamic term, but they are deformed by the velocity field
which is coupled with the stress term. Therefore the scattering
patterns become elliptic ring. The deformed polymer-rich
domains are comprised of deformed swollen-networks of
entangled polymer chains, and the stored energy, which is
borne only by the polymers, is partially dissipated via the
solvent squeeze mechanism under the flow. This is the case
for the low shear rate at ¥ = 0.1 s~! in the present study.

The 2D-FFT pattern in Fig. 3(g) and the corresponding data
of time-dependent relative intensity distribution in Fig. 4 show
almost no deformation of the spinodal ring, despite the fact
that the system is subjected to a large shear deformation of
vt = 10. In the case of dynamically symmetric systems where
the spinodally decomposed structures are subjected to the shear
flow [14,32,33] or shear deformation [34], the scattering pat-
terns at y¢# = 10 were found to become an elliptic ring having
qm:/qmyx = 10 [32]. This point will be further clarified later in
this section. Thus the small deformation of the elliptic ring in
Fig. 3(g) is really an unpredicted surprise to us. We shall pres-
ent below a possible interpretation on this intriguing result.

The initial phase-separating structures are formed in
quiescent state via SD under the strong viscoelastic effects
[9,30,31]. Thus the system forms three-dimensionally (3D)
continuous domain structures in the solvent matrix with the
characteristic wave number ¢,, or length A, even though
polymer is a minority phase. The continuous networks of the
polymer-rich domains (defined as “‘domain network” for the
discussion below) are comprised of entangled polymers swol-
len by the solvent. The value ¢, or length A,, decreases or in-
creases, respectively, with time driven by the thermodynamic
driving force for SD via the solvent squeeze mechanism and
under so-called viscoelastic phase separation [30,31].

When the system is brought under the weak shear at v <
Yc,sp, the domain network is deformed. The deformed network
is relaxed from deformation by a partial breakage of the net-
work, as shown in Fig. 8. Fig. 8 schematically presents the do-
main network rich in polymer as the lines connected into the

domain network

deformed domain

7277

network in the matrix of solvent. Part (a) schematically repre-
sents undeformed domain network with the characteristic
length, /., developed by the viscoelastic phase separation,
while part (b) and part (c), respectively, designate deformed
domain network with the characteristic lengths, 4., and
A, along x and z axes, respectively, and domain network
recovered from deformation through a partial breakage of
the network. This partial breakage of the domain networks
may occur more or less randomly in space. As a consequence
of the breakage, the 3D continuous network domain structure
may break into grains which contain the domain network
structure as their internal structure. The breakage of the 3D
continuous domain network into grains may cause relaxation
of deformed domain network inside them, so that the spinodal
ring becomes isotropic (¢m: = ¢m.)- As a result, flow of the
system may occur in between the interstitial regions between
the grains. The grains might be recombined into large grains
enhanced by flow-enhanced coalescence, which may be con-
sidered as a healing or reformation process of the fractured
domain network. The grains themselves may be further de-
formed, which may induce deformation of the internal domain
network structure and its partial breakage. These processes,
i.e., the deformation of grains and the partial breakage of
the internal domain network, may cause a breakage of grains
into smaller grains and relaxation of the deformed domain
network structure inside grains in turn. The domain network
structure inside grains may coarsen via the solvent squeezing
process involved by the partial breakage of the domain
network and by an incorporation (or welding) of the broken
domain networks into a part of the continuous domain
network.

The deformation, partial breakage, relaxation, reformation,
and growth of the domain networks may be repeated under the
weak shear flow, and during this cycle the domain network
will grow or coarsen via the viscoelastic phase-separation
mechanism. As time elapses, the aspect ratio of the elliptical
spinodal ring increases. The percolated networks will be even-
tually collapsed and transformed into deformed swollen
domains comprised of polymers, which are elongated, parallel
to the flow direction and which are dispersed in the solvent

recovered domain network

network through breakage
deformation brea:gl;age
—> —_—
recovery of
deformation
(a) (b) (¢) flow direction

healing of breakage

Fig. 8. Schematic illustration to explain small deformation of spinodal ring or spinodally decomposed structure at ¥ < . sp. The model is based on a repeated
cycle of processes which involve deformation of domain network formed via viscoelastic phase separation (schematically drawn by the thick lines), breakage of the

domain network, elastic recovery of the network, and healing of the breakage.
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matrix, in the hydrodynamic limit of large spatial and tempo-
ral scale; as a consequence the system behaves as a viscous
fluid, although this limit was not attained in this work as evi-
denced by Figs. 3(j) and 5. In the hydrodynamic limit polymer
chains inside the domains will be hardly deformed, and stress
will be primarily stored via deformation of domain interface
as in the case of dynamically symmetric mixtures [9,35].

4.2. Comparison with behavior in dynamically
symmetric system

Before going into detailed discussion about the strong
shear-flow regime at v > +y.sp, it would be worthwhile to
note the corresponding behavior of a dynamically symmetric
system. Fig. 9 represents time evolution of light scattering pat-
terns for a dynamically symmetric system. The system studied
is a semidilute solution comprised of a mixture of PS and
polybutadiene (PB) having composition of 50/50 by weight
dissolved in a common solvent of dioctylphthalate (DOP)
where the total polymer concentration is 3.3 wt.%. This
system designated as PS/PB(50:50)/DOP 3.3 wt.% has cloud
point temperature, T, at 78 °C, and therefore undergoes the
macroscopic phase separation into the following two phases
at 74 °C: one phase is PS-rich solution, and the other phase
is PB-rich solution, because DOP is neutral solvent for both
PS and PB. Further details of the system should be referred
to elsewhere [12,14,15,32].

The system was first brought into a single-phase state at
74 °C by raising the shear rate to ¥ = 8.9 s~!, which is above
the critical shear rate, v, = 2.5 s™!, for the shear-induced sin-
gle-phase formation (pattern (a) in Fig. 9) [9,11,12]. Then at
the same temperature, ¥ was abruptly dropped to 0.214 s ",
so that SD occurs under the shear flow and hence strong scat-
tering arises from the sheared system, due to the shear defor-
mation of spinodally decomposed structures, as shown by time
change in the deformed spinodal patterns in Fig. 9(b)—(d),
after the onset of the shear drop. Even at 100 s after the shear
drop, i.e., at a small total strain of 21.4, the spinodal ring was
remarkably deformed into an ellipsoidal ring highly elongated
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Fig. 10. Scattering intensity distributions along the neutral axis, /(¢.), at vari-
ous times after the onset of the phase separation under shear flow. The results
were observed in the same experiment as that shown in Fig. 9.

along the neutral axis (the ¢, direction) and highly compressed
along the flow direction (the ¢, direction). Upon further
increase of time or shear strain, ¢, the scattering patterns
are further compressed along ¢,, and the scattering intensity
further increases, so that the scattering maximum originating
from the spinodally decomposed structure appears to be ob-
scured in patterns (c) and (d). However, a quantitative analysis
of scattering profile clarifies that the scattering maximum still
clearly remains at 220 and 1100 s or even after 2114 s as dem-
onstrated in Fig. 10 for I(g.). Fig. 10 quantitatively indicates

(c)220s (d) 1100

Fig. 9. Time evolution of scattering patterns in g, — g. plane after the onset of SD under the shear flow at ¥ = 0.214 s~ for a dynamically symmetric system of
PS/PB(50:50)/DOP 3.3 wt.%; (a) O's, (b) 100s, (c) 220's, and (d) 1100 s after the onset of phase separation under the shear flow. The ¢, and ¢. directions are
parallel to horizontal and vertical directions of the figure, respectively. The pattern (a) at O s corresponds to the one from shear-induced single-phase state, and

the pattern around the beam stop is still a part of incident beam.
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that: (i) scattered intensity along ¢. increases and (il) g,
decreases with time after the shear drop as shown in Fig. 10.
The time evolution of ¢, and I(g,) shown in Fig. 10 was
discovered to be scaled by the shear-rate dependent character-
istic time and length [14]. Thus a new concept that shear rate
also changes characteristic time and length of the nonequilib-
rium systems was for the first time elucidated in the literatures.

The above results are interpreted as a consequence of coars-
ening of the phase-separated domains and also as a conse-
quence of deformation of the domains due to viscous drag.
It is to be stressed here that the domain deformation due to
the shear flow involved almost no molecular orientation into
the system, as evidenced by no observable amount of birefrin-
gence in the sheared solution. Consequently, the elastic effects
are irrelevant to this system. The comparison of the two
systems, PS/PB(50:50)/DOP 3.3 wt.% and PS/DEM 6.0 wt.%,
clearly highlights significance of the elastic effects on the phase
separation for the latter system.

4.3. Strong shear-flow region (Y > Ysp)

As shear rate further increases above ¥.sp for our asym-
metric system, the stress level also further increases. Therefore
the stress term in Eq. (1) becomes dominant over the thermo-
dynamic term and controls the dissipative structures. Since
the stress level imposed on the domain networks is high, and
the network is subjected to large deformation for a given
period of time, as schematically shown in the change from
part (a) to part (b) in Fig. 11. Under this condition, the network
may be collectively broken into pieces as visualized in part (c).
Since parts of the network aligned parallel to flow will be
more likely broken than those perpendicular to it, grains of
the broken domain network should have a shape extended
perpendicular to the flow as shown in part (c). The deformed
domain network is recovered from deformation after the
breakages of the domain network. However, the breakages

domain network

deformed domain
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may not be healed, on the contrary to the case of ¥ < ¥ sp.
This may reflect that the deformation rate is larger than the
rate of healing or reformation of the domain network via
coalescence of the broken domains. The breakages enhance
concentration fluctuations along ¢,, because they create the
regions where the domain networks exist and hence polymer
concentration is high and the regions exclusively occupied by
solvent. This provides a “solvent squeezing process of the
domain network”, analogous to the solvent squeezing process
of entangled polymer chains in a single-phase solution under
shear flow. The solvent squeezing process of entangled poly-
mer chains in the two-phase solution under shear flow occurs
when parts of deformed networks themselves are relaxed via
the network breakages.

On the contrary to g, direction, the breakage may have
relatively small effects on concentration fluctuations along
q.. These account for the butterfly pattern as shown in
Fig. 6(c)—(h), similar to the case of the sheared single-phase
solution at ¥ > 7., (see for example Fig. 21 in Ref. [9]). It
should be stressed here, however, that the enhancement of
concentration fluctuations for the phase-separated domain
systems under flow should be much larger than that for the
single-phase solution under shear flow, as evidenced by the re-
sults shown in Fig. 7 and as will be discussed later in this
section.

Furthermore it should be also noted that centers of mass of
the broken domain networks would not be aligned in a line
along the flow direction as in the case shown in part (c) which
presents our oversimplified model, but they are rather placed
more or less randomly along the neutral axis (horizontal axis
of the figure). If they are aligned along the flow direction,
we should be able to observe a strong streak-like scattering
pattern oriented along the neutral direction which is super-
posed on the butterfly pattern, as in the case of the string-
like dissipative structures formed for the sheared single-phase
solution at y > v, (see Fig. 8 in Refs. [36] and [37]) [9].

broken domain network

network
breakage
deformation & A}
é _>
recovery of )
deformation
(@) (b) (c) flow direction
no healing of breakage ¢
A4
N\

Fig. 11. Schematic illustration to explain butterfly scattering patterns at ¥ > . sp. The model is based on a large deformation of domain network formed via
viscoelastic phase separation (schematically drawn by the thick lines), collective breakages of parts of the networks oriented parallel to flow, and elastic recovery
of the domain network. The broken domains will not be healed into nearly the same original domain network contrary to the case shown in the change from (c) to

(a), because of a large deformation rate.
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It is crucial to comment some differences between the
shear-induced butterfly patterns developed for the single-phase
solution in quiescent state and those developed for the
two-phase solution in quiescent state, the latter part of which
is described above in Section 3.2. The latter butterfly patterns
reflect the larger amplitude of concentration fluctuations than
the former butterfly patterns at least by about three times,
simply because the scattering intensity of the latter is higher
than the former by about 10 times. There must be an even
more important difference, which is expected to appear in
high ¢ region where scattering reflects primarily domain inter-
face and thermal concentration fluctuations within the poly-
mer-rich domains, although we could not attain this ¢ region
in this work. We would expect the following for the shear-
induced structures for the two-phase solutions in quiescent
state: (i) the domain interface must have a sharp boundary
so that the scattering intensity, I(g), should obey Porod’s
law, I(q) ~ q74 and (ii) Ornstein—Zernicke (OZ) type scatter-
ing intensity in the polymer-rich domains should be much sup-
pressed compared with that of the corresponding sheared
solutions which are in single-phase state in absence of the
shear flow, simply because local polymer concentration in
the domain is expected to be larger than polymer concentra-
tion in the single-phase solution. It should be noted that the
domain interface is less well defined for the sheared solution
in the single-phase state [38]. This will be best explored by
the small-angle neutron scattering coupled with a deuterium
labeled technique [38,39].

Last of all, we should notice that the characteristic scatter-
ing vector q,, rotates counterclockwise with respect to the
flow direction in the case of ¥ = 3.16 s7! in the time period
between 2 and 2.5 s, as shown in Fig. 6(c)—(d). The orienta-
tion of the vector q,, may not be attributed to some physical
meaning such as the convection effect of concentration fluctu-
ations in the ¢,—¢q, plane, but to some external effective flow
factors due to the subtle difference of sample thickness [40].

5. Summary

We have investigated the effects of shear flow on the phase-
separation processes in dynamically asymmetric systems under
the initial conditions where the isotropic and three-dimension-
ally continuous phase-separating structures are developed via
the spinodal decomposition process in the quiescent state. The
shear-rate dependence of the phase-separating structure can be
divided into two regions at the critical shear rate, . sp.

Aty =01s"!< Ye,sp, the thermodynamic term is domi-
nant over the elastic term for promoting phase separation.
However, the growing phase-separating structures were de-
formed along the shear direction and consequently the scatter-
ing patterns became an elliptic ring shape extended along ¢,
direction. The viscoelastic effects intrinsic to the dynamically
asymmetric systems come into play even in this low shear-rate
condition, making the deformation of the elliptic spinodal ring
anomalously small, because of the repeated elastic deforma-
tion, partial breakage, relaxation, reformation, and coarsening
of the domain network as detailed in Section 4.1.

In the case of the shear flow at ¥ = 3.16 s7' > ¥, gp, the
scattering pattern changes from the nearly isotropic spinodal
ring to the so-called butterfly pattern. This indicates that the
stress term dominates the thermodynamic term for promoting
phase separation. The detailed processes for the shear-induced
butterfly pattern formation and differences in the butterfly
pattern formed in the case of y > v, sp for the two-phase state
and that formed in the case of ¥ > 7, for the single-phase state
were discussed in Section 4.2.
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