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ABSTRACT: Simulations of phase separation under oscillatory shear flow have been performed based
on the time-dependent Ginzburg—Landau (TDGL) equation. To calculate the stress tensor, the expression
proposed by Kawasaki was used. The results of the simulations have been confronted directly with
experimental results on a LCST blend of PaAMSAN/PMMA to evaluate the potential of the simulations.
The effect of quench depth, shear amplitude, and shear frequency on the morphology development as
well as on the corresponding rheological properties has been investigated. The results show that the
characteristic rheological behavior of phase-separating systems can be attributed to the interfacial
relaxation, which is changing during the process of phase separation. The strength of the concentration
fluctuations and the interfacial volume fraction are key factors determining the contribution of interfacial
relaxation to the global rheological behavior of the blend. In the low frequency range, the oscillatory
shear cannot affect the critical point, but it can accelerate the coagulation and growth of the blend

morphology. The simulations qualitatively agree with the experimental findings.

I. Introduction

The rheology of polymer blends has received a lot of
attention because of its technological importance in
polymer processing as well as for theoretical reasons,
since a lot of physical problems still need to be clarified.
These studies can be classified into three groups:
studies dealing with the rheology of polymer mixtures
in respectively homogeneous, phase-separated and tran-
sition regimes. Research on homogeneous blends is
focused mainly on the concentration dependence of
viscosity and linear dynamic properties.1=3 These rheo-
logical properties can be determined by the simple
Irving relation.* Mertsch and Wolf®> modified this rela-
tion by taking into account the differences in molecular
shape of the components, an approach which is con-
firmed experimentally by Vlassopoulos et al.6 and Kap-
nistos et al.” It is important to note that the time—
temperature superposition (TTS) applied well when
polymer blends were in the homogeneous state far from
the transition temperature and there is no obvious
dynamic asymmetry of the components.6~12 The char-
acteristic power law of storage moduli G’ ~ w? and loss
moduli G" ~ o were observed at low angular frequency
.

The rheological behavior of phase-separated polymer
blends has also been studied extensively, both experi-
mentally and theoretically.’4~16 In this regime, the
polymer blends show pronounced elastic properties, very
long relaxation times and a failure of the TTS. The
linear viscoelastic behavior of polymer blends with a
droplet—matrix structure can be described quantita-
tivelyl” by the emulsion model proposed by Palierne.18
Additionally, this model has been widely used to obtain
either the interfacial tension or structural information
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(domain size and distribution) from linear dynamic
measurements.19.20

Polymer blends in the transitional regime also exhibit
abnormal rheological behavior.5712 Complex changes in
the linear viscoelastic properties were observed when
polymer blends of a given composition were heated (for
LCST systems) or cooled (for UCST systems) from
homogeneous regime to phase separation regime. Dif-
ferent observations are made for the time evolution of
the dynamic moduli. The moduli can show a monotonic
increase,'* a monotonic decrease,'%! or both.”12 In the
latter studies, the moduli increased in the early stage
of phase separation; in the late stages of phase separa-
tion they decreased. Polios et al.12 attribute the initial
increase of the moduli to the formation of a highly
interconnected network, and the subsequent decrease
was considered to be the result of the loss of the
interconnectivity due to breakup. In a study on phase
separation in a PaAMSAN/PMMA blend it was demon-
strated that droplet—matrix formation results in an
increase in moduli whereas during the coarsening of a
co-continuous structure the moduli will decrease.?!

Isothermal frequency sweep experiments showed that
TTS fails for phase-separating systems. At low frequen-
cies, the development of a shoulder in the G’ curve could
be observed. Ajji et al.1° used the theoretical treatment
of Fredrickson and Larson?? to explain this phenom-
enon. In the work of Fredrickson and Larson, the mean-
field theory has been employed to derive the concen-
tration fluctuation contribution to the shear stress for
near-critical polymer mixtures. Similar work has been
done by Kapnistos et al.”-13 and Vlassopoulos et al.® All
their results revealed that this rheological abnormality
should be attributed to the enhanced concentration
fluctuations in the transitional regime. Kapnistos et al.”
guantified this effect and showed how the full phase
diagram (both binodal and spinodal curves) can be
derived from rheological measurements.

However, there are still unsolved problems in the area
of theoretical modeling of the interrelationship between
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the rheological behavior and the morphology evolution
during the process of phase separation. The theoretical
model of Fredrickson and Larson?2 can only explain the
rheological behavior in homogeneous state or near the
critical point. On the other hand, the emulsion model
of Palierne!® attributes the abnormal rheological be-
havior to the interfacial relaxation of droplet domains.
This model is however limited to rather dilute droplet/
matrix blends. A general model for the rheological
behavior of polymer blends, without constraints on the
degree of miscibility or on the type of morphology, is
still lacking.

Another remaining problem is the coupling between
phase separation and shear. The effects of shear on
phase separation of polymer blends are generally very
complex. Hindawi,?® Katsaros,2* and Fernandez?® found
that shear can induce both mixing and demixing,
depending on composition, temperature and shear rate
or frequency. Larson?® has done systematic research on
mixing, demixing and other transitions induced by
shear. Theoretical?32728 and experimental studies?® to
understand this complex problem more or less agree
that shear will not affect the critical temperature when
the shear rate or frequency is low enough. This is also
true for oscillatory shear in which the average strain is
zero. The resulting morphology, however, can be affected
by shear flow, even at low rate or frequency. Qiu et al.3°
found that oscillatory shear can induce different regular
morphologies depending on quench depth. On one hand,
the growth of droplets will be suppressed: if the radius
exceeds some critical value the droplets tend to break
up due to shear. The predicted critical radius and shear
rate depend on whether the chain stretching effect and
the hydrodynamic interaction were taken into ac-
count.®132 On the other hand, the coagulation and
growth can also be accelerated by shear.282° Although
the shear will not affect the orientation of molecular
chains when the shear rate or frequency is low, it is still
necessary and interesting to study the coupling between
shear and morphology evolution as well as the effects
on the corresponding rheological response.

In the present paper, we intend to simulate the
morphology evolution and the corresponding rheology
of a phase-separating blend under oscillatory shear. The
simulations are based on the time-dependent Gin-
zburg—Landau (TDGL) equation. The aim of present
work is not to produce more simulation results but
rather to confront the simulations directly with experi-
mental work to evaluate the potential of the simula-
tions. Additionally, a physical explanation will be
proposed for the observed evolution of the rheological
properties during phase separation, based on the un-
derlying morphological processes. The paper is orga-
nized as follows: the theoretical model and simulation
scheme is presented in section Il. Subsequently, the
materials and methods of the experimental study are
described in section Ill. A systematic overview of the
simulation results is shown in section IV. This section
includes the discussion of the effect of phase-separating
temperature and shear amplitude and a qualitative
comparison with experimental results is made. Finally
the main conclusions are summarized.

Il1. Theoretical Model and Simulation Scheme

In this work, we only consider low shear rates or
frequencies, which do not induce any chain stretching.3!
Under these conditions, the time evolution of order
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parameter y(r,t) is governed by the following modified
time-dependent Ginzburg—Landau TDGL equation3°

dyp(r.1) oH{y}

n M)V=3.=| @
where y(r,t) is defined as ¢a(r) — ¢s(r), i.e., the
difference between the local volume fractions of com-
ponent A and B. v(r) represents the flow field. M(y) is
the mobility and depends on the order parameter. This
dependency is usually expressed as M(y) = Mo(1 — ay?)
with o being a coefficient between 0 (bulk diffusion) and
1 (diffusion only in the vicinity of the interface).32 H{y}
is the free energy functional of the order parameter field
y(r,t) for the system, expressed per unit of the thermal
energy kgT

=v(r)-Vy(r,t) =V

Hey} = [fdr [F) + 5 D(vyy 2)

where F(y) is a function of ¥ with two local minima,
whose explicit form will be given later. The term D(Vy)?
represents the interfacial free energy derived from the
spatial composition inhomogeneity. D is defined as b?/
(9(1 — v?) where b is the Kuhn statistical segment
length.32 Substituting eq 2 into eq 1 yields

ap(rt) dF(y)
—r = V() V(o + V[M(w)V(W - szw)]
3)

The flow field v(r) is simply the externally imposed
oscillatory shear flow

v(r) = (yT'w cos wt, 0, 0) 4

where I' is the amplitude of the oscillatory shear strain
and o the angular frequency.

Equation 3 is simulated by using cell dynamical
scheme (CDS) proposed by Onoo and Puri.3*3 This
approach has been proven to be adequate for investiga-
tion of the morphology evolution during (the late stages
of) phase separation. For simplicity reasons, only two-
dimensional simulations have been performed. In the
CDS approach, a two-dimensional system is discretized
on a LxL square lattice of cell size ag, and the order
parameter for each cell is defined as v (n,t), where n =
(ny,ny) is the lattice position and ny and ny are integers
between 1 and L. The Laplacian in CDS is approximated

by

V2p(n) = i(umom)uﬂ— () (5)
0

where p(n)Mrepresents the following summation of
y(n) for the nearest neighbors (n.), the next-nearest
neighbors (n.n.), and the next-next-nearest neighbors
(n.n.n.)

Mp(n)M=B, y p(n) +B; 3 y(M)+B; 5 v(n)

n=n.n. n=n.n.n.
(6)

with By, B,, and Bs being /s, /12, and 0 for a two-
dimensional system.

Often the Ginzburg—Landau form of the mixing free
energy functional F(y) is used, which is a power series
expansion of y(r): —(z/2) y? + (g/4)y* where 7 and ¢
are positive coefficients. That is a function of y with
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Figure 1. Effect of the quench depth A on the morphology evolution of a 20/80 blend (¢ = 0.2).

two local minima as mentioned previously. In the CDS
approach, dF/dy is chosen as —A tanh v + 13435 where
A is a phenomenological parameter greater than 1. This
form possess the same features as Ginzburg—Landau
form when A > 1. Furthermore, it has better numerical
stability compared with the Ginzburg—Landau form.
The greater A is, the more incompatible the system
becomes. Actually, this parameter is proportional to the
temperature for LCST systems and inversely propor-
tional to the temperature for UCST systems. In other
words, quench depth is controlled by this parameter.
Roths et al.3® use an even different expression for dF/
dy, suited for strongly incompatible polymer pairs.
However, as the equation for dF/dy from the CDS
approach is more general, only this expression will be
used in the further discussion.

Equation 3 can be rewritten in a dimensionless form
with ap and 7o = ap?/Mg as the unit of respectively length
and time scale

M(y)

G 4 | MW _
y)~(+V M, V(-Atanh ¢ + ¢

w_ _ .
o7 I'Q cos Qt 3

DVy)| (7)

where = t/to, Q = wto, § = ylao, X = x/ao, and D =
D/ag?. In the CDS approach, D was usually fixed at 0.5.

Our simulation was carried out on a two-dimensional
square lattice of LxL = 256 x 256. We have chosen the

x-axis as the flow direction, while the y-axis is the
velocity gradient direction. We sety = 0 at ny = 128.
For the x direction, a shear periodic boundary condi-
tion proposed by Ohta et al.3” has been used. With the
strain y, this boundary condition can be written as

P(n,ny,7) = p(n, + N,L +y(@N,L, n, + N,L) (8)

where Ny, Ny are arbitrary integers.

For phase-separating systems the total stress consists
of two parts: the contribution of chain relaxation and
that of interfacial relaxation. The total stress tensor of
the system should be written as

T _ _Int
Oop = Oup

Rouse

+0gp T ks T Kpe) T POys 9)

where 0('1?; is the stress contribution due to the inter-

face, p is the pressure, 05/‘}“59 is the Rouse stress tensor
due to chain relaxation, # is the viscosity of the system,
and x4z is the af-component of the velocity gradient. The
Rouse contribution is independent of the morphology,
and consequently, it should not be responsible for the
rheological abnormality in phase-separating systems.
We should mention that it is also true for the entangled
systems due to the fact that the relaxation time of
domain deformation and growth should be much slower
than the terminal chain relaxation time at given tem-
perature. Therefore, we only focus on the interfacial
stress contribution in our simulation.
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A=1.1 A=1.15

The formula of stress tensor from the interface
relaxation has been derived by Kawasaki.3® It reads

= TP [gr B0y _
0oy = —kg Ty fdr 0, (@, f=xy) (10)

Using the Fourier component vy(q,7), the stress tensor
is then calculated as follows

05 =" iy GAIVEDF @ =xy) (D

where the stress is expressed in units of kgT.

The storage modulus G’ and the loss modulus G" were
obtained by a linear fit of the simulated stress—strain
curve. The fit equation is written as

0,y =[G’ sin(Q1) + G" cos(Q)] (12)

The expression of Kawasaki®® (eq 10) indicates that
the contribution of interfacial relaxation is mainly
determined by two factors: the strength of concentration
fluctuations and the interfacial area per unit volume.
In fact, all the simulation results can be explained by
the changes of these two factors during phase separa-
tion. Another important point that should be noted is
the universality of stress tensor expression proposed by
Kawasaki. From a physical point of view, his treatment
is consistent with that of Fredrickson and Larson.?? The
approach of Kawasaki allows, however, for a relatively

Figure 2. Effect of the quench depth A on the morphology evolution of a 40/60 blend (¢ = 0.4).
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easy calculation of the stress tensor, even in the late
stages of phase separation. In the late stage of phase
separation, the rheological behavior can alternatively
be calculated with an emulsion model.’® Such models
are limited to polymer blends with a droplet—matrix
structure. The emulsion models calculate the extra
stress due to relaxation of the droplet surface, a stress
contribution that is included in the expression by
Kawasaki. Compared with the emulsion model, the
expression of the stress tensor proposed by Kawasaki
can more easily deal with a concentration dependence
of surface tension, and it can be extended to the case of
bicontinuous phase separation.

Finally, it should be mentioned that the above model
is applicable only for processes on spatial scales longer
than the gyration radius of the polymers and for blends
in which the two components have the same viscoelastic
properties.30

111. Materials and Methods

Experimental Study. Most of the experimental studies in
the literature®~2 treat the phase separation in mixtures of two
polymers with a large difference in Ty, such as polystyrene
(PS) and polyvinyl methyl ether (PVME). As the above model
is applicable only for blends with components that have the
same viscoelastic properties, these existing experimental
results cannot be used to assess the model predictions.
Therefore, a pair of rheologically similar polymers has been
selected here for an experimental study. A study within the
frame of IUPAC Working Party 1V.2.1. “Structure and proper-
ties of commercial polymers” shows that PaMSAN (Luran KR
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Figure 3. Simulation result of G' changing with phase
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Figure 4. Simulation result of G' changing with phase
separation (composition 40/60, I' = 5%, Q = 0.01).

2556 from BASF) and PMMA (Lucryl G77 from BASF) can
meet this requirement.®® Lucryl G77 is a copolymer of 95%
methyl methacrylate and 5% methyl acrylate. Its weight-
average molecular weight determined by light scattering is My,
=88 000. GPC (PS-calibration) gives My/M,, = 2.1. Luran KR
2556 is a copolymer of 70% o-methylstyrene and 30% acry-
lonitrile. Its weight-average molecular weight determined by
light scattering is My, = 82 000. GPC (PS calibration) gives
Muw/M, = 2.4. Mixtures of these polymers show LCST behavior,
and their linear dynamic behavior at 210 °C is very similar:
the only difference is the relaxation times of PMMA being a
factor 1.64 shorter than those of PAMSAN.3° The temperature
dependencies of the rheological properties of the two melts are
almost identical in the range of 150 to 230 °C; the T, values
are 124 (PaMSAN) and 109 °C (PMMA).3°

Blends of 15/85 wt % PMMA/PoMSAN and 40/60 wt %
PMMA/PaMSAN have been selected for this study. The blend
preparation technique is described elsewhere.®®* The cloud
points of these mixtures are 190 and 175 °C, respectively. A
previous study has shown that at 220 °C the 15/85 blend phase
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separates by a nucleation and growth mechanism and the 40/
60 mixtures show spinodal decomposition.?* To study phase
separation under oscillatory flow, homogeneously mixed samples
were inserted in a rheometer that was preheated at 220 °C.
An oscillatory strain was applied during the subsequent phase-
separation process and the corresponding stress response was
measured. Morphological investigations were performed by
either TEM (15/85 blend) or light microscopy (40/60) on
samples that were quenched in the rheometer. The experi-
mental findings will be compared with the simulation results
to evaluate the potential of the simulations. At this point, we
will only concentrate on a qualitative comparison.

Simulations. The simulations will be used to show how the
phase separation proceeds and how quench depth, composition,
shear amplitude, and evolution time affect the interfacial
stress response. Different kinds of simulations have been
preformed.

First, the effect of morphology on the rheological properties
has been studied. Therefore, the phase separation process and
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Figure 7. Effect of shear amplitude and frequency on the morphology evolution of polymer blend during phase separation under

oscillatory shear (A = 1.3, composition 20/80).

the rheological measurement were decoupled. We carried out
the simulation of the phase separation process under quiescent
conditions during a particular time interval. The corresponding
rheological response at that stage in the morphology evolution
was obtained by a subsequent simulation of a shear measure-
ment (strain amplitude = 5%, reduced frequency 0.01). To
distinguish the two kinds of simulations, the former is called
simulation of the phase separation and the latter is called the
simulation of the rheological response. In this procedure, the
possible effect that the rheological measurement (oscillatory
flow) could have on the morphology evolution is not taken into
account. If we additionally switched off the diffusion (by setting
M = 0) in the simulation of rheological response (to acquire
relatively stable stress-strain curves), only the storage modulus
could be determined because the loss modulus is nearly zero
under this simplification. If both the loss and the storage
modulus were to be determined, e.g., to mimic the isothermal
frequency sweep experiments, we performed a simulation of
a frequency sweep in which we did not stop the diffusion in

the simulation of the rheological response.

Second, simulations have been performed in which the
coupling between the phase separation process and the oscil-
latory flow is no longer neglected. Phase separation was
allowed to proceed under a particular shear amplitude and
frequency during a particular time interval. Subsequently, a
shear measurement was simulated in order to acquire corre-
sponding rheological response. For the latter a strain ampli-
tude of 5% and a reduced frequency of 0.01 were chosen. The
results of the simulations are presented in a dimensionless
form; only qualitative comparison with the experimental
results will be made.

1V. Results and Discussion

The Effect of Quench Depth on Phase Separa-
tion under Quiescent Conditions. A previous study
has shown that, depending on the temperature at which
the phase separation is performed, different morphol-



1422 Zhang et al. Macromolecules, Vol. 34, No. 5, 2001

15 15
Qr=ln Qr=lin
_ Iy
= g
& 10 & 10
& &
3 2
=
£ &
= =
'z, Z
0 T T T T 0 1 + T T T T
10 20 30 40 50 60 0 2 0 40 5o €
Diameter/lattice number Diameter/lattice number
15 15
Qr=20n Q=20r
IS IS
< 104 < 10
g B
k=1 g
£ 54
= [
= =
2 5 8 s
H £
” il ’
o 1 ¢ 1 T T 0 1 1 1 - - 0
0 20 30 40 50 60 10 20 30 40 50 60
Diameter/lattice number Diameter/lattice number
15 15
Q=40 40
@ . Qr=40n
< 10 &
=1 < 10
) £
k-1 S
£ g
& &
_é 5 5 s
3 g
“ z
o y y 1 T T oM | | | f i i
10 20 o® o ® 50 50 pA - » - A 0
a Diameter/lattice number C Diameter/lattice number
15 15
Qr=ln
— Qr=2n
s s
& 10 S
=1 < 10
. £
5 S
5] =]
g
£ g
5 %
£ £
Z 2
HEL T T T |
10 20 30 I 50 60 0 20 20 40 50 Y
Diameter/lattice number Diameter/lattice number
15
Qr=20n Q=407
@ @
& 104 & 104
8 g
ks g
£
£ £
o
5 s 8 s
E 5
=
Z 4
0 ! 1 { T 0 ! } 1 il m
10 20 30 40 50 60 10 20 30 40 50 60
Diameter/lattice number Diameter/lattice number
15
15
Qr=40n
= Qr=80n
Q
& 10 S
= < 104
=]
£ £
] k3t
o b
5 & =
“g :g *]
z 2
nolh UL —1 0 H s HEITL | nonn
10 20 o . 50 50 1o 20 30 40 50 60
b Diameter/lattice number d Diameter/lattice number

Figure 8. (a) Droplet size distributions of the morphologies displayed in Figure 7 (composition 20/80, A = 1.3, T = 0%, Q =
0.0005). (b) Droplet size distributions of the morphologies displayed in Figure 7 (composition 20/80, A = 1.3, I' = 10%, Q2 = 0.0005).
(c) Droplet size distributions of the morphologies displayed in Figure 7 (composition 20/80, A = 1.3, I' = 20%, Q = 0.0005). (d)
Droplet size distributions of the morphologies displayed in Figure 7 (composition 20/80, A = 1.3, I’ = 10%, Q = 0.001).

ogies can be formed,*° eventually leading to a different The morphology evolution resulting from phase sepa-
rheological behavior. Therefore, the effect of quench ration under quiescent conditions is illustrated in
depth will be determined by our simulations, in which Figures 1 and 2 for a composition of respectively 20/80

the quench depth is controlled by the parameter A. (droplet—matrix structure) and 40/60 (bicontinuous
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of polymer blend during phase separation under oscillatory
shear (A = 1.3, composition 20/80).

structure). It can be seen that the strength of the
concentration fluctuations clearly increases with quench
depth. For the droplet—matrix system (Figure 1) the
number of nuclei also increases with the quench depth.

How this is reflected in the rheological properties, or
rather in the storage modulus, is illustrated in Figures
3 and 4. The coupling between phase separation and
shear is not taken into account here. The storage
modulus initially increases and subsequently decreases.
This can be explained by considering the effects of
concentration fluctuations and of the specific interfacial
area. Initially, the storage modulus of the blend in-
creases due to an increase in both the concentration
fluctuations and the specific interfacial area. In droplet—
matrix systems, it is mainly the increase in interfacial
area (due to the increase in volume fraction of the
disperse phase) which contributes to the initial stress
increase, whereas the growth of concentration fluctua-
tions plays the major role in co-continuous phase
separation. After some time, the concentration fluctua-
tions become saturated and the volume fraction of both
phases remains constant. The interfacial area per unit
volume will decrease from that point on due to inter-
facial tension driven coarsening (in co-continuous sys-
tems) or coalescence and Oswald ripening (in droplet—
matrix systems), inducing a decrease of storage modulus.
The G' peak was reached more rapidly for the more
concentrated systems (compare Figures 3 and 4), which
is reasonable considering that the coagulation and
growth of domains is faster at higher concentrations.

However, one comment on droplet—matrix systems
should be made. It can be deduced from the Palierne
model!® that an increase in droplet size gives rise to a
decrease in G' only for intermediate frequencies. For
very low frequencies, the interfacial contribution to the
storage modulus is proportional to the droplet size. This
behavior can be explained based on the deformability
of the droplets. Small droplets have a higher specific
interfacial area but are less deformable than larger
ones, and therefore, the storage modulus of a coarse
morphology is larger than for a finer morphology.
Therefore, there is a frequency range at which an
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Figure 10. Apparent droplet size distribution (TEM) for 15/
85 PMMA/PaMSAN. The sample was maintained under
quiescent conditions at 220 °C for a certain period of time and
subsequently subjected to a frequency sweep (w = 100—0.01
rad/s, y = 20%, duration = 60 min): (a) 7 min quiescent phase
separation, (b) 37 min quiescent phase separation + frequency
sweep, and (c) 307 min quiescent phase separation + frequency
sweep.

increase in droplet size results in an increase in G'. This
frequency range shifts to lower frequencies for larger
droplets, because the relaxation time of the droplets is
proportional to their size. If one looks at one particular
frequency, just like in our simulations, one can observe
an increase in G’ and a subsequent decrease in G' until
a plateau is reached (no contribution from the interface
any more). Actually this phenomenon has been observed
in Figure 3. The greater A is, the faster the phase
separation is occurring. Consequently the G’ peak will
shift to smaller times just as observed in Figure 3.

As mentioned above, frequency sweeps in which we
did not stop the diffusion in the simulation of rheological
response were performed as well. In this case, we also
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Figure 11. Effect of strain amplitude on the morphology evolution of a 15/85 blend (A = 1.3, Q = 0.01).
introduced the dependence of molecular mobility on The Effects of Shear Amplitude and Frequency
composition. To guarantee the numerical stability, the on Phase Separationunder Oscillatory Flow: Drop-
parameter oo was set to be 0.6 for composition 20/80 and let Size Distribution. In the Introduction, we have
1.0 for composition 40/60, respectively. The results are mentioned that applying an oscillatory shear at low
shown in Figures 5 and 6. Although we did not consider frequency will not affect the critical point of phase
the time—temperature shift factor, these figures still separation. However, it might accelerate the coagulation
show qualitatively the dependence of the moduli on or growth of the phase domains. Experimental?® or
guench depth: the increase of concentration fluctuations simulation3°3! studies on this topic are scarce, and they
leads to an increase in stress. The changes of G’ are are all dealing with the effect of oscillatory shear on
more obvious than those of G”, due to the fact that the spinodal decomposition. Therefore, we have investigated
stress induced by the concentration fluctuation is mostly here the droplet phase separation (20/80) under oscil-
of elastic origin. latory shear with different shear amplitudes and fre-
From this section, it can be concluded that, under quencies. In all simulations, A was 1.3, a value which
conditions presented here, the quench depth mainly corresponds to a deep quench. The simulated morphol-
governs the time scale of the phase-separation process ogy evolution is illustrated in Figure 7. It can be noticed
and not the kind of morphology that is generated under in these images that even an oscillatory shear at a very
quiescent conditions. Therefore, a value of 1.3 for A was low frequency (2 = 0.0005) can accelerate coagulation

used throughout the following sections. and growth of the droplet domains, at least under the
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Figure 12. Effect of strain amplitude on the morphology evolution of a 50/50 blend (A = 1.3, Q = 0.01).

investigated amplitudes of 10% and 20%. A higher shear
frequency (2 = 0.001) has a similar effect.

Figure 8, parts a—d, illustrates the corresponding
droplet size distributions. It can be seen that the droplet
size distribution clearly broadens during the phase-
separation process, this broadening becoming more
pronounced with increasing shear amplitude. The time
evolution of the number and volume average diameter
is displayed in Figure 9. It is obvious that both average
diameters increase with time, this increase being faster
for larger shear amplitudes. The volume-average diam-
eter is more sensitive to the morphology evolution than
the number-average diameter.

These findings have been compared to experimental
results on a 15/85 PMMA/PaMSAN blend. The blend
was allowed to phase separate under quiescent condi-
tions for a well-defined period of time, and subsequently,
an oscillatory shear was applied before the sample was
qguenched for microscopic investigation. During the

oscillatory shear the strain amplitude was kept constant
(' = 0.20) and the frequency was varied from 100 to
0.01 rad/s (frequency sweep). The resulting droplet size
distributions, as seen on the TEM micrographs, are
shown in Figure 10, parts a—c. A droplet growth due to
phase separation can be observed, as well as a broaden-
ing of the size distribution. This is qualitatively consis-
tent with the simulation results.

The Effects of Shear Amplitude and Frequency
onPhase Separationunder Oscillatory Flow: Rheo-
logical Response. As is shown in the previous section,
oscillatory flow can affect the morphology formed by
phase separation. Under such conditions, the dynamic
measurements are no longer a nondestructive morphol-
ogy probing technique. In the present section, it will be
verified whether there still exists a range of low strain
amplitudes, frequencies, or composition for which linear
(=nondestructive) dynamic measurements are possible.
Simulations were performed for a blend in which a
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droplet—matrix structure develops (15/85) and one in
which a co-continuous morphology is formed (50/50).
Experimental results on, respectively, a 15/85 and a 40/
60 PMMA/PaMSAN are presented for comparison.

The simulated morphology evolution under oscillatory
shear at a relatively high frequency of 0.01 and different
shear amplitudes is illustrated in Figures 11 and 12 for
the 15/85 and the 50/50 compositions, respectively. In
contrast to the previous results for a 20/80 blend (Figure
7), Figure 11 shows almost no difference in morphology
evolution for a 15/85 blend under different shear
amplitudes. Apparently, the volume fraction of disperse
droplets plays a crucial role: 20% is above the percola-
tion limit for a spherical morphology and 15% is slightly
below. Consequently, in the former system (oscillatory),
flow-induced coalescence will be much easier than in
the latter. For a bicontinuous system (50/50), the
morphology difference under different shear amplitudes
is still very limited, just like for the 15/85 blend. This
system will be discussed later.

Figure 13a illustrates the evolution of the storage
modulus as a function of time, resulting from the
simulations for the 15/85 blend. As mentioned before,
the storage modulus is given in a dimensionless form
(see section on theory). The time axis represents the
period in which phase separation occurred (under
quiescent conditions i.e., I' = 0% or under oscillatory
shear with an amplitude of 5 or 15%, respectively); the
storage modulus that is plotted is always measured by
setting the reduced frequency Q = 0.01 and the shear
amplitude T = 5%. During nucleation and growth
process, molecules will diffuse from the continuous
phase to the droplet phase (nuclei). The droplets grow
slowly because the diffusion of chains is rather slow.
Nevertheless this droplet growth in combination with
the increase in volume fraction of disperse phase is
responsible for an increase in G'. Subsequently, droplets
could coalesce, but this is an even slower process due
to the highly viscous matrix and the low fraction of
disperse phase. The shear flow only results in slight
deformation of droplets as long as the shear amplitude
remains limited (<5%). It can be seen in Figure 13a that
the rheological response is indeed the same with or
without shear during the phase separation period, as
long as the strain amplitude during the phase-separa-
tion process is below 5% in the present case. A shear
amplitude of 15% leads to a higher value of the modulus,
even though the differences in the underlying structure
of the blend are minor (see Figure 11).

Figure 13b shows the corresponding experimental
result of the storage modulus as a function of time. It
should be taken into account that the experimental
value of the modulus contains—apart from the interfa-
cial contribution—also a contribution from bulk proper-
ties of component polymers (eq 9). Nevertheless, for
gualitative comparison the curves in Figure 13b can be
used as such, because the component contribution is the
same constant value throughout all experiments. The
agreement between experiment and simulation is quite
obvious: in both cases, an increase in storage modulus
is observed, which becomes more pronounced for strain
amplitudes above a critical value.

In bicontinuous phase separation, a sudden growth
of concentration fluctuations creates a highly intercon-
nected structure. This process causes an increase in
elasticity of the material (see Figure 4). Because this
initial increase in G' is not picked up by the present
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Figure 13. Effect of shear amplitude on storage moduli of
phase-separating polymer blends under oscillatory flow: (a)
simulation results (2 = 0.01, A = 1.3, composition 15/85); (b)
experimental results (15/85 PMMA/PaMSAN at 220 °C).

experiments (Figure 14b), we will focus in this section
on the decrease of the storage modulus during the late
stage of phase separation. The co-continuous morphol-
ogy will coarsen during this stage, driven by interfacial
tension, and this coarsening process leads to a decreas-
ing storage modulus. The simulations in Figure 14a
show that small amplitude oscillations can induce a
slightly more pronounced decrease of G' compared to
guiescent conditions. This observation agrees with the
experimental results (Figure 14b) for the 40/60 PMMA/
PaMSAN blend. A plausible explanation is that, for
bicontinuous phase separation, the oscillatory shear can
accelerate the coagulation of the domains and the
breakup of the network strands although the morphol-
ogy changes are not clear in Figure 12. Both processes
lead to a decrease in the degree of co-continuity, the
specific interfacial area will be reduced and the stress
contribution of the interface decreases.
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Figure 14. Effect of shear amplitude on storage moduli of
phase-separating polymer blends under oscillatory flow (a)

simulation results (2 = 0.01, A = 1.3, composition 50/50); (b)
experimental results (50/50 PMMA/PaMSAN at 220 °C).

Actually a rather complex picture is observed in the
experimental results. When the shear amplitude ex-
ceeds 20%, an increase in amplitude results in a less
pronounced decay of G'. It should be mentioned that in
the present simulations a shear amplitude above 15%
could not be applied due to numerical instabilities.
Nevertheless, it can be noticed that the difference
between the simulated results for 5% and 15% strain
is much less than that for 0% and 5%. A possible
explanation for this observation is given by Krall et al.,*!
based on numerical solution the model of Doi and
Ohta.*! For large values of strain amplitude the distor-
tion is effective enough to stop the domain growth,
resulting in a dynamic equilibrium of the domain size
distribution. In this case, the steady-state value of the
elastic modulus is a decreasing function of strain. For
small values of strain amplitude, the effect of shear
becomes weak and domain growth can proceed up to
macroscopic phase separation. The storage modulus will
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Figure 15. (a) Simulation results of frequency sweep of phase-
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Dynamic spectrum of 15/85 PMMA/PaMSAN, measured after
a well-defined period (7—37—157 min) of phase separation

under quiescent conditions at 220 °C. The shear amplitude
was 20%.

decay to zero but the rate at which this happens is strain
dependent. When the modulus is calculated after a
limited period of phase separation,*! the complex strain
dependence of the storage modulus that was observed
in Figure 14b is retrieved.

The time evolution of the simulated dynamic spec-
trum is displayed in Figures 15a and 16a for blend
compositions of, respectively, 15/85 and 50/50. First a
period of phase separation under quiescent conditions
was simulated, followed by a simulation of the rheo-
logical response. For droplet phase separation, an
increase in G' in the range of low frequencies is
observed; G" is less sensitive to the morphology evolu-
tion. For bicontinuous phase separation, however, a drop
in the G’ curves is observed in the range of low
frequencies. Again, G" is less sensitive to the structure
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Figure 16. (a) Simulation results of frequency sweep of phase-
separating polymer blend (composition 50/50, I' = 5%). (b)
Dynamic spectrum of 40/60 PMMA/PaMSAN, measured after
a well-defined period (7—12—22—-107 min) of phase separation
under quiescent conditions at 220 °C. The shear amplitude
was 20%.

evolution. This difference in behavior can be explained
by the difference in phase separation mechanism, as has
been mentioned previously. Figures 15b and 16b show
the corresponding experimental results for 15/85 and
40/60 PMMA/PoMSAN. Here, the total stress response
is presented, not only the interfacial contribution. Again,
simulations and experiments agree: an enhanced elas-
ticity is observed at low frequency for the matrix—
droplet system. In contrast to this, a reduced elasticity
is observed at low frequency for the bicontinuous
system. However, the loss modulus is almost unaffected
by the phase-separation process.

V. Conclusions

Systematic simulations of phase separation under
oscillatory shear have been presented. Both the mor-

Macromolecules, Vol. 34, No. 5, 2001

phology evolution and the stress response from the
interface have been calculated. For the latter, the
expression of Kawasaki®® has been used. This equation
indicates that both the strength of concentration fluc-
tuations and the specific interfacial area determine the
stress contribution of interfacial relaxation. Compared
with the stress tensor proposed by Fredrickson and
Larson?? and the emulsion model of Palierne,’® the
expression of the stress tensor by Kawasaki is more
universal.

The simulations are confronted directly with experi-
mental results on PMMA/PaMSAN blends to evaluate
the potential of the such kind of simulations. The effect
of different parameters on the morphology evolution and
rheology during phase separation has been investigated.
An increase in quench depth leads to stronger concen-
tration fluctuations, faster phase separation, and an
increased elasticity of the sample. Concerning the effect
of an oscillatory shear, a difference between droplet
phase separation and bicontinuous phase separation
should be made. For droplet phase separation, the
growth of domains is determined by an evaporation—
condensation mechanism, which is quite slow in a highly
viscous matrix. The corresponding storage modulus
gradually increases with time. The effect of the oscil-
latory shear on the morphology formation depends on
the composition. For a composition of 20/80, an oscilla-
tory shear—even at very low frequency—can accelerate
the coagulation of droplets. However for a composition
of 15/85, the effect remains limited provided that the
amplitude is small (<5%).

For bicontinuous phase separation, the concentration
fluctuations reach their saturation level value very
quickly. Subsequently, the domains grow, driven by the
interfacial tension. Because of this domain growth the
specific interfacial area in the system decreases, result-
ing in a decrease in stress. Consequently, the simulated
G' values decrease with time. The domain growth can
be accelerated by shear—even at small amplitudes—and
a more pronounced decay of G' can be found. In both
cases, G" is not so sensitive as G'. These findings are
in good qualitative agreement with the experimental
results.
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