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ABSTRACT: The effect of simple shear flow on the phase behavior of blends in styrene—acrylonitrile
random copolymer with 29.5 wt % acrylonitrile content (SAN-29.5) and poly(methyl methacrylate) (PMMA)
of different molecular weights ranging from 7000 to 396 000 g/mol has been investigated as functions of
shear rate, sample composition, molecular weight, and rotation speeds of parallel plate by using a shear
apparatus. Only shear-induced mixing was observed for all of the measured samples, and the shear effect
was found to be composition and molecular weight dependent. The shear range was also extended by
using different rotation speeds of plate ranging from 0.5 to 5.0 rad/s under constant sample thickness,
and at first the cloud points increase monotonically with shear rate and then become almost constant
regardless of the applied shear rate values. The normalized shift of cloud point AT(y)/T(0) = {T(y) —
T(0)}/T(0) depended on the molecular weight of PMMA remarkably. From the measurement of the complex
dynamic viscosity (n*), the viscosity ratio of PMMA/SAN blends (7emmal/nsan) Was estimated, and it was
shown that the molecular weight dependence of the normalized shift of cloud point was due to the values
of viscosity ratio between pure polymers. A maximum elevation in the normalized shift of the cloud points
took place when the viscosity ratio is close to unity.
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Introduction

In the recent literature there has been a considerable
interest concerning the effect of an applied flow field
on the phase behavior of polymer mixtures and polymer
solutions.2=1% This is because the liquid—liquid phase
separation is very sensitive to the application of rela-
tively small external forces. Thus, the behavior of
polymer blends in an external field is of a fundamental
interest and is also technologically important, since
deformation and related stress are unavoidable in many
processing steps.

Both flow-induced mixing and demixing in polymer
blends have been observed, but the former phenomenon
greatly outweighs the latter in its frequency of occur-
rence. In the early studies on this field, a ternary system
of polystyrene (PS)/ethylcellulose/benzene with UCST
(upper critical solution temperature) behavior has been
investigated by Silberberg et al.1® They found that the
shear-induced depression of the critical point and the
difference between the apparent and the equilibrium
coexistence temperature was as large as 13 K at shear
rates up to 270 s~% An increase in the cloud point
temperature as large as 28 K for a solutions of polysty-
rene in dioctyl phthalate (DOP) at shear rate up to 1360
s~! has been observed by Rangel-Nafail et al.1” Shear
rates of up to 5000 s~! decreased the UCST of polysty-
rene in trans-decalin, as reported by Wolf et al.’®1° They
also found that the shape of the coexistence curve was
strongly influence by flow. It should also be realized that
the effects produced by shear have been different in
perpendicular and parallel to the flow direction of PS/
polybutadiene (PB)/DOP.2° The scattering intensity
parallel to the flow was found to be weaker than that
perpendicular to the flow. This means that the concen-
tration fluctuations parallel to the flow are much more
suppressed by shear than that perpendicular to the flow.
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There are also a number of studies of binary polymer
blends. Lynaae-Jorgensen et al.57 observed phase tran-
sitions induced by shear flow in a blend of styrene—
acrylonitrile random copolymer (SAN) with poly(methyl
methacrylate) (PMMA) in a cone—plate rheometer using
two-dimensional light scattering. A two-phase blend of
SAN and PMMA if subjected to high enough shear
stress forms a homogeneous phase (light scattering
cannot be detected). But the results did not contain any
data concerning the phase diagram of the blend as a
function of shear rate. The influence of shear flow on
the cloud point curves for three different binary polymer
blends of PS/poly(vinyl methyl ether) (PVME), poly-
(ethylene-co-vinyl acetate)/solution chlorinated polyeth-
ylene (EVA/SCPE), and SCPE/poly(butyl acrylate) (PBA),
which have an LCST (lower critical solution tempera-
ture) behavior, has been studied by Hindawi et al.??
They observed depression and then raising of the cloud
points under small and high values of shear rate,
respectively, for each blend by using light scattering.

In a previous work,?? we studied the effect of shear
flow on the phase behavior of PS/PVME blend with an
LCST-type phase diagram. We found that the shear
effect was composition-dependent, and the values of the
cloud points corresponding to shear-induced mixing or
demixing were greatly affected by rotation speed. At the
same time, the sample thickness was found to have a
pronounced effect on the cloud points under constant
rotation speed, where the immiscibility region seems
broader with increasing sample thickness.

Here we study the phase behavior for binary blends
of SAN with 29.5 wt % acrylonitrile content (SAN-29.5)
and PMMA with different molecular weight under
simple shear flow applied by parallel plates. The blends
show an LCST-type phase diagram. The variation of
PMMA molecular weight enables the study of the
relationship between the phase behavior of the blend
under shear and viscoelastic properties. It is expected
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Table 1. Characteristics of Polymers

polymer My Muw/Mpn n* (Pas)°
SAN-29.52 40 000 1.2 90 110
PMMA-7KP 7 000 2.2 2100
PMMA-26KP 26 000 2.0 66 810
PMMA-71KP 71 000 1.8 101 000
PMMA-151K 151 000 2.1 167 400
PMMA-396KP 396 000 24 421 100

a Number means wt % acrylonitrile in SAN. P Number means
My of PMMA (K means 1000). €200 °C, y = 10 s~ 1.

that the change of the phase behavior of blend under
shear could be dependent on the molecular weight and
viscosity ratio between both components. In addition,
the effect of shear rate was investigated by using
different rotation speeds of plate ranging from 0.5 to 5
rad/s in order to cover a wide range of shear rate of
0—180 st compared with the small shear rate measured
by Kammer et al.23 (0—4 s™1), who studied the effect of
simple shear flow on the phase behavior of PMMA/SAN-
31.5 blend by light scattering. Accordingly, our mea-
surements are extended to a condition slightly closer
to those encountered in processing devices such as
extruders and injection molding machines, but it is a
much higher shear rate than the one of Kammer et al.?
and Hindawi et al.?

Experimental Section

Materials. Table 1 shows the molecular weight data of the
samples used in this work. The SAN sample contains 29.5 wt
% acrylonitrile and was supplied by Mitsubishi Monsanto Co.,
Japan. The samples of PMMA were supplied by Sumitomo
Chemical Co., Japan, and chosen in order to cover the viscosity
range from smaller to larger than that of SAN used in this
work (see Table 1).

The blends of PMMA and SAN-29.5 were prepared by
dissolving the corresponding weight of the two polymer
components in tetrahydrofuran. The blend solutions were then
cast onto a Petri dish and left to dry at room temperature for
about 3 days and, after that, complete drying of the blends
until a constant weight was accomplished under vacuum for
another 3 days at 90 °C. About 1 g of the blend was taken and
pressed at temperature lower than the cloud points of the
corresponding compositions to prepare a film specimens of 1
mm thickness and 40 mm diameter for the shear measure-
ments. Other specimens of 1 mm thickness and 25 mm
diameter were prepared for the viscoelastic measurements.

Shear Apparatus. A schematic illustration of the shear
apparatus is represented in Figure 1. The sample is located
between two parallel silica glass plates (Figure 1b); the top
one is fixed, and the bottom one is rotated at different rotation
speeds. The lower rotating glass plate is restricted inside a
copper ring attached to driving gear, and the upper glass plate
is fixed inside a copper cylinder (Figure 1a). The copper
cylinder and the copper ring can be taken out from the hot
chamber. The temperature in the hot chamber is measured
by a highly accurate platinum thermocouple whose resolution
is 0.1 °C. The thermocouple is set very close to the sample
though it does not contact directly with sample and glass plate.
Heat was supplied by four iron heater blocks mounted in hot
chamber walls. To homogenize the inside temperature of
chamber, four rotating motor fans are used inside chamber.
The copper cylinder and ring which fix glass plates have many
holes in order to obtain good thermal conduction for the glass
plates and sample. The temperature was controlled using a
digital program temperature controller REX F900 series RKC
with accuracy of +0.1 °C between room temperature and 400
°C. Simple shear flow was generated by applying constant
rotation speeds to the sample, which was preheated to a
temperature lower than the quiescent cloud point by about
20 °C. After this pretreatment, the sample is heated at
constant heating rate (0.5 or 1 °C/min) with a constant rotation

Macromolecules, Vol. 32, No. 17, 1999

natural light

hot chamber upper glass window

fixed plate \L

sample

copper cylinder

thermocuple

—~— T, y

rotating plate — gear driving

sample picture |

| copper ring

@]

monitor

lower glass window

0 /o

video camera

temperature/rotating
controller

fixed glass plate

sample

L~

——>

rotating glass plate r

Figure 1. (a, top) Schematic representation of the shear
apparatus used in this work. (b, bottom) Schematic represen-
tation of the sample inside the two parallel glass plates.

speed. Under this condition the phase separation of the sample
takes place at different radii and different temperatures
according to the values of the applied shear rate. The shear
apparatus was designed to observe the sample under the shear
flow by two methods: the first by directly seeing the sample
from the upper window of the shear apparatus and the second
by viewing with a video recording camera through a mirror
fixed below the lower window of the shear apparatus.

For the parallel plate measurements, the shear rate is a
linear function of the radius

7 =Qrlh 1)

where h is the sample thickness, r is the radius, and Q is the
rotational speed (rad/s). The shear rate is a maximum at the
outer edge of the disk and decreases to zero at the center of
the disk.

Viscoelastic Measurements. The complex dynamic vis-
cosity (*) was measured by a Rheometrics dynamic mechan-
ical spectrometer using 25 mm parallel plates with strain
amplitude less than 10%, to stay in the linear viscoelastic
regime. The measurements were carried out at frequencies
from 0.1 to 100 rad/s at 170 °C.

Results and Discussion

Figure 2 shows the quiescent cloud points curves for
four blends of PMMA/SAN measured at constant heat-
ing rate of 1 °C/min, which is identical to the experi-
mental condition under shear.?* These blends show a
typical LCST-type phase diagram. As the molecular
weight of PMMA increases, the two-phase region in-
creases and the phase boundary shifts to lower temper-
ature. This is expected since the combinatorial entropy
term in the free energy of mixing increases monotoni-
cally as the molecular weight of either component
increases.?®

Figure 3 shows schematic representations of change
of the cloud region in PMMA-26K/SAN = 75/25 under
constant rotation speed (0.5 rad/s) started by a heating
rate of 1 °C/min from 145 to 186 °C, which correspond
to 20 °C below and 21 °C above its quiescent cloud point,
respectively.?6 It is apparent that no shear-induced
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Figure 2. Quiescent cloud points curves for blends of SAN
and PMMA with different molecular weight.

r=20mm

Figure 3. Schematic representations of the blend behavior
in PMMA-26K/SAN = 75/25 between two parallel plates un-
der shear (0.5 rad/s). The shadow region is opaque. (a) 145
°C (20 °C below the quiescent cloud point). (b) 170 °C (5 °C
above the quiescent cloud point). (c) 180 °C (15 °C above the
quiescent cloud point). (d) 186 °C (21 °C above the quiescent
cloud point).

demixing can be observed at 145 °C (20 °C below its
quiescent cloud point) as shown in Figure 3a. Figure
3b represents the sample at 170 °C (5 °C above the
quiescent cloud point). The sample is still transparent
except for a quite small region near the center (y ~ 0
s71). This means that shear-induced mixing occurs. At
a temperature higher than the quiescent cloud point by
15 °C (180 °C), the cloud area increases gradually as
shown in Figure 3c. Finally, every region of the sample
turns cloudy at 21 °C above its quiescent cloud point
(186 °C) as shown in Figure 3d. From the radius at the
boundary between transparent and opaque region, one
can estimate the shear rate by eq 1.

Figure 4 shows the shear rate dependence of the cloud
points for different compositions in PMMA-26K/SAN.
One can see that the cloud point shifts to higher
temperature; i.e., the shear suppresses the phase sepa-
ration and enlarges the homogeneous region of the
blend. The measurements are in good agreement with
that of Kammer et al.,?® who studied the effect of shear
rate on the phase behavior of PMMA/SAN-31.5 blends
(small shear rate values were used, 7 < 4 s™1) by using
light scattering measurements. They have found that
the shear flow elevated the phase separation tempera-
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Figure 4. Shear rate dependence of the cloud point in PMMA-
26K/SAN for different composition ratios.
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Figure 5. Change of the cloud points as a function of shear
rate of PMMA/SAN = 50/50 blend under different rotation
speeds: (a) PMMA-26K/SAN blend, (b) PMMA-151K/SAN
blend.

ture. In Figure 4, the cloud points become almost con-
stant regardless of shear rate at shear rates higher than
10 s L

Effect of Rotation Speeds. The above measure-
ments have been studied at constant rotation speed and
constant sample thickness (0.5 rad/s and 1 mm, respec-
tively), and they covered only a shear rate up to 15 s™1.
Here we will extend our data to higher shear rate values
by changing the rotation speed of the plate while
keeping constant sample thickness (1 mm).



5634 Madbouly et al.

a 260
240 -
3
\e" 220 +
El Shear rate (s7)
S 200} o0
=%
=] —— 1
£ 180t ——3
— 5
—e— 10
160 ¢ 1 phase
0 20 40 60 80 100
Wt% SAN
b 255
240
o 225+
<
g 210+
= 2 phase Shear rate (s™)
el
S 195} o 0
5 ——1
= 180 f —a— 3
[ —
165 3
1 phase —e— 10
150 : - , :
0 20 40 60 80 100
Wt% SAN
C 240
225
S 210
%, 2 phase
g 195+
2 Shear rate (s7)
g 180 — 0
£ 1
.
ﬁ 165 3
150 | S
1 phase —+— 10
135 ' : -
0 20 40 60 80 100
Wit% SAN
d 240
225
210
%) 2 phase
< o195+
E Shear rate (s%)
5 180 —— 0
2. —— 1
E 165+ . 3
T s 3
1 phase —+— 10
135 : : : :
0 20 40 60 80 100

Wt% SAN
Figure 6. Comparison between the phase diagrams of PMMA/
SAN blends under the different shear rates: (a) PMMA-7K/
SAN, (b) PMMA-26K/SAN, (c) PMMA-71K/SAN, (d) PMMA-
151K/SAN.

Parts a and b of Figure 5 show the shear rate
dependence of the cloud points in PMMA-26K/SAN =
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Figure 7. Molecular weight dependence of normalized shifts
in the cloud points of PMMA/SAN = 25/75 blends at y =
10 s7%

50/50 and PMMA-151K/SAN = 50/50, respectively. For
all of the measurements in these figures the cloud points
start to increase monotonically with small values of the
applied shear rate and then become almost constant
regardless of the shear rate value. These results can be
plotted on one master curve regardless of rotation speed.
This behavior is in contrast to that of PS/PVME blends
which showed both shear-induced demixing and mixing.
In our previous work,?? it was found that the behavior
of cloud point of PS/PVME = 30/70 blend was strongly
affected by the rotation speed of the plate, and one could
not draw one master curve. It can be considered that
the only factor which dominates the shear-induced
demixing behavior depends on the rotation speed, but
the reason is not clear at present. Also, the reason why
the cloud points become almost constant at high shear
rate is not clear at present.

Effect of Molecular Weights. The phase diagrams
of the blends of SAN-29.5 and PMMA of different
molecular weight, 7000, 26 000, 71 000, and 151 000
g/mol, in some shear rates are shown in parts a—d of
Figure 6, respectively. For the two blends of PMMA-
71K/SAN and PMMA-151K/SAN we measured only the
SAN-rich region due to the very high viscosity of the
PMMA at the measuring temperatures. A similar
behavior can be seen very clearly; the phase boundaries
gradually increase with shear rate. In addition, the
elevation of the cloud points under shear rate was found
to be composition dependent. On the basis of the above
results, it is apparent that shear flow could induce phase
mixing as in the case of a simple liquid mixture.

The elevation of the cloud point with shear rate could
depend on the molecular weight. To compare the effect
of molecular weight for the elevation of phase boundary,
we use the normalized shift of cloud point,2728

AT()T(0) = {T(y) — T(0)}/T(0) )

where T(7) is the cloud temperature at y. Figure 7 shows
the PMMA molecular weight dependence of AT(y)/T(0)
in PMMA/SAN = 25/75 blends at constant shear rate
(y = 10 s™); this value was selected because the
elevation of the cloud points at this value of shear rate
nearly levels off for this composition. The normalized
shift of the cloud points, at first, increases with molec-
ular weight and then decreases, exhibiting a maximum.
It is understood that the amount of the normalized shift
in the cloud points of the blends under shear flow is
remarkably affected by the PMMA molecular weight.
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The interaction parameter y of the blend may depend
on the molecular weight for a very low molecular weight
region, because the effect of end groups is large.
However, it is well-known that the y does not depend
on molecular weight and is almost constant in this
molecular weight region. Therefore, it is predicted that
the result of Figure 7 is attributed to the difference of
viscoelastic properties.

Effect of Viscosity Ratio. The complex viscosities
(y*) of pure SAN and five different molecular weight of
PMMA are measured at 170 °C as a function of shear
rate (0.1—100 rad/s). These results are shown in Figure
8. The value of »* of SAN used in this work was always
located between PMMA-26K and PMMA-71K in the
measured range. The molecular weight with a maxi-
mum of AT(y)/T(0) was located at the same range. So
we replotted AT(y)/T(0) as a function of the viscosity
ratio of PMMA for SAN (7pmmal/ysan) at 7 = 10 s71, and
the result is shown in Figure 9.2° The different molec-
ular weight of PMMA used in this work covers a
viscosity ratio ranging from 0.02 to 4.6. The normalized
shift of the cloud points increases with viscosity ratio
and then decreases, and it is similar to the result of
Figure 7. It is considered that the changing of molecular
weight can be almost comparable to the changing of
viscosity ratio between pure polymers as the factor
affecting the normalized shift in the cloud points under
shear. A maximum elevation of cloud point takes place
at npmmal/msan ~ 1. So it is considered that the mixing
effect by shear is most effective at 7pmma/nsan ~ 1.
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For phase-separated binary blends in which domains
disperse in a matrix, Wu2° proposed that the average
size of dispersed phase was governed by the viscosity
ratio, and he has found that a minimum of average
domain size in a nylon/rubber system was obtained at
na/nm ~ 1. The number-average diameter of dispersed
phase as functions of shear rate, temperature, interfa-
cial tension, viscosity ratio, and concentration have been
studied by Serpe et al.3! They have also found that the
smallest average sizes of particles are obtained when
the viscosity ratio is about unity. From these results, it
is considered that the shear effect for breakup of
dispersed domains is the largest when ng/pm ~ 1.
Therefore, it can be considered that this shear effect is
very similar to one for the phase boundary shift in this
study. However, one cannot compare simply the shear
effect for the phase boundary shift with one for the
breakup behavior of dispersed domains, because the
breakup behavior was discussed for complete two-phase
mixtures and the phase boundary shift is due to the
suppression of the concentration fluctuation growth.
Since the theoretical investigation about the shear effect
for phase boundary shift is not enough at present, we
do not discuss this matter in this paper.

Conclusions

Shear-induced mixing was observed for all of samples
measured in blends of SAN-29.5 and PMMA of different
molecular weight. The magnitudes of the elevation of
the cloud points with shear rate were found to be
molecular weight of PMMA dependent. The shear rate
dependence of cloud point was also measured over a
wide range of shear rate up to 180 s™1, and the cloud
point increased monotonically with shear rate and then
leveled off. For this behavior, one could draw one master
curve without rotation speed effect on the position of
the cloud points under shear in a contrast to PS/PVME
blends. The value of elevation of the cloud point in
blends of PMMA/SAN = 25/75 depended on molecular
weight of PMMA remarkably. The molecular weight of
PMMA which showed a maximum elevation of cloud
point was consistent with one at which the viscosity
ratio of PMMA for SAN (7pmma/san) is almost unity.
This means that the phase behavior of the polymer
blend under shear is strongly affected by viscoelastic
properties of constituent polymers. To obtain deeper
insights into the phase behavior of polymer blends
under shear, it is important to investigate the effects
of viscoelastic properties on thermodynamics of polymer
blends both qualitatively and quantitatively, and this
work is ongoing.
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