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We first examine the condition of bicontinuity in spinodal decomposition in two component
fluids. We then apply shear to such two phase states and predict some rheological properties
arising from large deformatins of domains. Detailed discussions will be given to slipping layer
formation and nucleation in sheared polymer solutions.

Condition of Bicontinuity in Spinodal Decomposition

Let us suppose a bicontinuous domain structure in the course of spinodal decomposition
of viscoelastic fluid mixtures. When the emerging two phases have different viscosities with
1 > 1, the condition of bicontinuity of the domain structure is obtained as(1]

¢1/m ~ ¢2/’72 (v

where ¢, and ¢ = 1 — ¢, are the volume fractions of the two phases. In Fig.1 we show such a
domain structure. This relation has been known as an empirical law for polymer mixtures in

Figure 1

the engineering literature. Notice that balance of the shear stress at the interface yields 9,4, ~
722, where 41 and 4, are the typical magnitudes of the velocity gradients in the two phases.
This suggests that domains of the first phase tend to take closed shapes because those of the
second phase are more easily deformed into extended shapes. In particular, in the limit 7, < 7,
the second phase forms thin layers enclosing the first phase. Let R; be the typical domain size of
" the first phase. Then, because the second phase is compressed into layers, the distance between
two neighboring domains of the first phase is equal to the layer thickness and is characterized
by a smaller length R,. The two lengths R, and R, are related to the volume fractions by
Ry ~ ¢ and AR, ~ ¢, where A is the surface area per unit volume.- We notice that the
velocity fields in the two phases, 41 R; and 4, Ry, should be both of the order of the growth rate
OR;/0t of the domains of the first phase, .

By~ Ry ~ %Rl (2)

Thus we obtain R;/n ~ Rp/n. and the condition (1).
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Thus we obtain R;/m ~ Rp/n, and the condition (1).

On the other hand, the growth law may be obtained by assuming that the shear stress
M1 ~ Moz is of the order of the force density o/ Ry due to surface tension. It readily follows
that the domain growth is governed by the larger viscosity 7,

%Rl ~ a/m or Ry ~ (o/m)t (3)

This is a generalized McMaster-siggia law for the case of different viscosities.

Rheology in Two Phase States

Next we apply a macroscopic, weak, stationary shear to the system. It is interesting that,
even when 4 is smaller than the stress relaxation rate 1/, rheology can be highly nonlinear in
two phase sates. Because shear deforms and tears large domains, it gives rise to dynamically
stationary two-phase states. There, if one phase forms a droplet phase, most droplets will be
close to the break-up condition, which has indeed been confirmed in near-critical fluids[2] and
ternary polymer solutions[3]. On the other hand, when the two phases are both percolated,
domains are elongated into very long cylindrical shapes giving rise to a string phase as has
recently evidensed by microscope ima,ge?:l]. See Fig.2. Thus our domain structures and resul-
tant rheology are very different from those of suspensions and emulsions where shear-induced
deformations are usually small.
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Figure 2. Transmission light micrographs and corresponding light scattering patterns (shown
in the insets) obtained in situ in steady states of PS/PB (50:50)§DOP 3.3 wt% at
AT=8°C. The flow direction is vertical and the bar in the inset of 1a indicates the
scattering angle in air for all the patterns. The bar attached to the picture 1a is
common for all the pictures.
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We predict that the overall behavior of the effective viscosity ness is crudely described by
the following approximate formula, '

| Hort ~ 1/ 161/ m + do/m] ()
When 1, > n%‘ this relation means that even a small fraction of the second phase drastically

reduces 1),y¢. This is because the second ﬁhase can act as a lubricant supporting most velocity
grt[adieni;s unless it is very dilute. On the other hand, the normal stress differences behave
as|5,6,7

Ny~ Ny o |4] (5)

and take large maxima of order m|}| even for 5, >> 7, around the bicontinuity condition(1].
This behavior arises from highly anisotropic shapes of domains and is very different from the
usual behavior Ny, N; o< 42 in the Newtonian regime.

Bicontinuity will be realized in a wider parameter region than in the absence of macroscopic
shear because elongated domains are more easily percolated in the flow direction. Here we
expect formation of a string phase as has recently been observed . We stress that the domain
morphology in the droplet states and that in the bicontinuous states are very different, so
the rheological properties can change discontinuously, as ¢ is varied, at the transition. The
morphg}iogical change at the transition can be a slow process and hysteretic behavior can be
expected.

Slipping Layer Formation and Nucleation in Semidilute Polymer Solutions under Shear

We limit ourselves to polymer solutions for simplicity. It is well-known that dynamic cou-
pling between stress and diffusion gives rise to large composition fluctuations in sheared semidi-
lute polymer solutions even above the equilibrium coexistence temperature T, for relatively
large shear 47 >1[8-11). We point out that interesting effects of shear also arise even for very

weak shear 47 <<.1 as the temperature is slightly lowered below T,.

We first consider the possibility of solvent layer formation at the boundary wall[12]. Let
a boundary wall be wetted by solvent. Then, in the absence of shear, a macroscopic layer
emerges continuously from zero as T is lowered below T,,. But in the presence of shear the
normal pressure —oy, arising from the network acts on the wall and prevents the layer formation,
where the z axis is In the flow direction and the y axis is in the velocity gradient direction and
perpendicular to the wall. The oy, is negative, of order Ny, and proportional to 4% in the
Newtonian regime. Its dimensionless strength is represented by

C =2(/m)loyl/K (6)

where 7 is the solution viscosity much larger than the solvent Viscosity 1o and K = ¢(0n/0¢)
is the osmotic modulus. .Stability analysis of steady states shows that, when C' > 1, a slipping
layer of solvent appears discontinuously as T is lowered below a certain 7™ given by

) o

Namely, the layer thickness d jumps from 0 to a finite value, which is of order (C—1)d* for C 2 1
and of order Cd* for C >> 1, although the transient process at this transition can be very
long. The slipping layer drastically changes the overall flow pattern if d exceeds d* = L/,
where L is the cell thickness. There appears a discontinuous change in the shear stress 1¥ the
flow rate is fixed.

We introduce the supersaturation A = XT,J —T)/(T; — Tez). Then the critical radius R,
of nucleating droplets is given by R, = &/A, & being the blob size. The supersaturation at
T =T is of order (y7)? and is very small, so there is no bulk nucleation there.
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We then consider the case in which the boundary wall attracts polymers and the slipping
layer formation can be avoided. As T is lowered, droplets consisting mostly of solvent will
emerge as nucleation. Ref.13 shows that the deformation rate of a critical droplet from sphericity
is very small and is of the order of v/nR,, where 1 is the surface tension. Therefore the critical
droplet is not broken by shear if v/nR. > 4. Using the scaling theory we may rewrite this

condition as
r < A (8)

under which we can observe appreciable droplets in a metastable semidilute region. Of course
A should not be too small for the metastable system to overcome the nucleation barrier, the
cloud point value of A is expected to be about 0.02. In the reverse case 47 > A there is no
metastability and, as T is further lowered, phase separation occurs as spinodal decomposition.

We note that an isolated droplet with a small viscosity in a viscous fluid can be much
elongated prior to break-up. Therefore the shape of critical droplets should be anisotropic even
for very small shear. This aspect has not yet been studied. In summary, it is of great interest
how phase separation is achieved in polymers even in weak shear as well as in strong shear.
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