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Abstract

The effect of shear flow on the phase behavior, structure formation and morphology of a near-critical composition blend of poly(styrene-
co-acrylonitrile)/poly(methyl methacrylate) (SAN/PMMA) and an off-critical composition blend of SAN/poly(1-caprolactone) (SAN/PCL)
were investigated. Both blends exhibited lower critical solution temperature (LCST) behavior. Rheo-SALS (small angle light scattering) was
used to characterize the time-dependent structure evolution during flows with shear rates from 0.01 to 0.05 s21 and stresses from 8 to 60 kPa.
Two types of transient “dark-streak” scattering patterns were observed. One featured a dark streak that diverged with increasing scattering
vector,q, which corresponded to a chevron-like structure in the morphology of the blend. The other type of dark streak converged with
increasingq, and may be due to a spinodal structure that was stretched in the flow direction. A capillary viscometer was used to achieve shear
stresses as high as 400 kPa for the SAN/PCL blends, and microscopy analysis of microtomed extrudates revealed a dispersed phase
morphology of cylindrical PCL-rich domains highly oriented in the flow direction. No shear-induced phase transitions were observed for
either blend for the range of shear stress studied.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The properties of polymer blends are determined to a
large extent by the morphology that is developed during
the processing. As the industrial applications of polymer
blends increase [1], there is an increasing need for develop-
ing a better understanding of the relationships between melt
deformation history, phase behavior and morphology devel-
opment. Knowledge of these relationships is necessary for
understanding the origin of the morphology produced in
commercial blends processes, and it also may provide the
opportunity for attaining better control of the blend
morphology during processing and, perhaps, achieving
unique structures and properties.

Typical polymer processing procedures, e.g. extrusion or
injection molding, subject the polymer blend to complicated
deformations under non-isothermal conditions. The defor-
mation field is typically heterogeneous and includes both
shear and elongational strains, and it is not conducive to
easy analysis, especially if one wants to know the phase
behavior of a blend under stress and achieve a cause-and-
effect understanding of how structure develops. Studies

involving well-controlled deformations, e.g. simple shear,
are much easier to accomplish, and although such deforma-
tions oversimplify an actual melt processing operation, they
do provide a basis for developing an understanding of the
more complicated flows.

Previous studies of the effect of flow on the phase-beha-
vior of polymer blends have produced conclusions of both
flow-induced mixing [2–16] and demixing [4,5,8,9,11–13].
These phenomenon have been ascribed to a “shift” of the
phase boundary by stress. Recently, the use of more sensi-
tive experimental techniques has brought into question
some of the conclusions of the previous research. For exam-
ple, one-dimensional (1D) small angle light scattering
(SALS) has been used to observe phase-mixing under
shear [7,10,11]. However, that technique does not consider
the anisotropic nature of the deformation, and shear-induced
mixing was not observed by rheo-optical studies using two-
dimensional (2D) SALS measurements of similar blend
systems [17–20].

In a previous paper [19], we reported on the effect of
shear flow on the phase behavior and structure formation
in a near critical blend of poly(styrene-co-acrylonitrile)/
poly(methyl methacrylate) (SAN/PMMA). The system of
SAN/PMMA was chosen because the glass transition

Polymer 41 (2000) 5895–5902

0032-3861/00/$ - see front matterq 2000 Elsevier Science Ltd. All rights reserved.
PII: S0032-3861(99)00774-0

* Corresponding author. Tel.:11-860-486-3980; fax:11-860-486-4745.



temperatures (Tg) were similar, the blend has a convenient
lower critical solution temperature (LCST) that is easily
accessed in laboratory rheometers or melt processing equip-
ment, and theTg of the blend is sufficiently high that speci-
mens may be quickly quenched to belowTg in order to
preserve the morphology of the melt for microscopy evalua-
tion. This paper represents a continuation of that research,
and in particular it endeavors to explain some of the unusual
2D LS patterns that accompanied the shear-induced struc-
tural changes that were reported in Ref. 19. In addition, 2D
rheo-SALS and microscopy studies of the high shear-rate
deformation of an off-critical blend of poly(styrene-co-acry-
lonitrile) and poly(1-caprolactone) (SAN/PCL) are also
reported.

2. Experimental

2.1. Materials

Both binary blends studied, (SAN/ PMMA) and (SAN/
PCL), consisted of a random copolymer, SAN, and a homo-
polymer (PMMA, PCL) that are miscible only for a limited
range of compositions of the copolymer [21–24]. The AN
content in SAN for each blend was within the miscible
range, 29 wt% AN for the blends with PMMA and
28 wt% AN for the blends with PCL. Both blends exhibit
LCST-phase behavior [25]. A near-critical composition of
25/75 SAN/PMMA and an off-critical composition of 80/20
SAN/PCL were used. The high SAN content was selected to
avoid complications due to the crystallization of the PCL.
The characteristics of the component polymers are listed in
Table 1.

The glass transition temperatures were determined using
a differential scanning calorimetry (DSC). Gel permeation
chromatography (GPC) was used to measure the molecular
weight averages using a polystyrene calibration. GPC
measurements made on the same samples before and after
shear flow indicated that no polymer degradation occurred.
The cloud-point temperatures (Tcp) for the blends were
determined using a custom-built light scattering instrument
[26]; specimens were prepared by solution casting the
blends from 1,2-dichloroethane onto glass slides. The
samples were then dried in a hood at room temperature

and vacuum dried for 3 days at 1008C prior to the Tcp

measurement.
Blends for the rheo-SALS studies were prepared by melt

mixing at 1508C in a Brabender Plasticorder for 15 min with
a rotor speed of 40 rpm. The blends were then compression
molded into 0.8-mm-thick, 50-mm diameter disks at 1508C
using a Carver hydraulic heat press. For the capillary visco-
metry studies, the samples were ground to small pellets
using a Wiley Laboratory Mill.

2.2. Rheo-SALS measurements

Time-resolved SALS measurements on blends under-
going simple shear flow were performed with a custom-
built rheo-SALS apparatus [27]. The instrument uses a
Rheometrics mechanical spectrometer to control the shear
flow between 50 mm diameter parallel plates. Light is
provided by a 10 mW He–Ne laser. The light scattering of
the melt in the plane formed by the flow and vorticity direc-
tions is projected onto a semitransparent screen, and the
image is recorded with a Princeton Instruments 2D CCD
camera.

The SAN/PMMA blend was heated to 1808C, which is
128C aboveTcp, between the parallel plates of the rheo-
SALS instrument until the sample was well phase-sepa-
rated. Shear was then applied, and the time-resolved 2D
light scattering patterns were recorded. The experimental
procedure for the SAN/PCL blend was similar, except that
1808C was ,108C aboveTcp. Shear experiments for the
SAN/PCL blend were also carried out at 1658C, which is
58C belowTcp, to evaluate if flow perturbed the structure of
the miscible blend melt.

2.3. Capillary viscometry and transmission electron
microscopy

Higher shear-rate melt flows were achieved with an
Instron MCR Capillary Viscometer using capillaries with
aspect ratios�L=D� of 20 and 40 and diameters of 2.54 and
1.27 mm, respectively. The extrudate from the Instron capil-
lary viscometer was quenched in a dry-ice slush within one-
quarter-inch of the die exit, and the strand was then micro-
tomed in both the flow and transverse directions for micro-
scopy studies. The specimens were cut at a radial position
approximately three-fourths of the strand radius, measured
from the center of the sample, to avoid edge effects. A
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Table 1
Characteristics of components and blends

Polymer Supplier Tg (8C) Tm (8C) nD @ (208C) Mw (kDa) Mw=Mn Wt % Tcp (8C) a

Blend 1 SAN (29 wt% AN) Bayer Corp. 105 – 1.57 108 2.32 25 168
PMMA ICI Acrylics 107 – 1.49 92 1.87 75

Blend 2 SAN (28 wt% AN) Bayer Corp. 105 – 1.57 190 2.14 80 170
PCL Union Carbide 2 60 60 1.47b 95 1.65 20

a Cloud point as determined by light scattering turbidity measurements.
b Estimated from group contributions.



Philips-300 transmission electron microscope (TEM) was
used to image the microtomed specimens. Ruthenium tetra-
oxide vapor was used to stain the SAN/PCL samples, which
produced light SAN-rich domains and dark PCL-rich
domains in the micrographs.

3. Results and discussion

3.1. Phase diagrams

The phase diagrams of the two blends are shown in Fig. 1.
For the SAN/PMMA system, the critical composition is
between 15 and 25 wt% SAN, and a near-critical composi-
tion, 25/75 SAN/PMMA, withTcp � 1688C was chosen for
this study. For the SAN/PCL system, an off-critical compo-
sition of 80/20 SAN/PCL with aTcp � 1708C was used.

3.2. Rheo-SALS of near-critical SAN/PMMA blend

In our previous paper [19], we showed that when a near-
critical SAN/PMMA blend below itsTcp was subjected to
shear stresses less than 60 kPa, the SALS patterns evolved
from a classical spinodal-ring to a pattern characterized by
two light lobes or “wings” separated by a “dark-streak”, and
eventually to a “bright-streak” pattern. Microscopy obser-
vations of samples that were fast-quenched at various stages
of the polymer deformation (i.e. as a function of shear
strain) revealed that the phase structure evolved from a
bicontinuous spinodal structure, to a chevron-like structure,
and finally to a steady-state fibrillar structure.

New results reported in the present paper provide some
insight into the origin of the morphology evolution that was
reported in Ref. [19]. Time-resolved rheo-SALS experi-
ments revealed two types of dark-streak scattering patterns:
(1) a “butterfly” shaped pattern with two wings (or the locus
of maximum intensity) that diverged at the tip (see Fig.
2(a)), and (2) an “H-shaped” pattern where the two wings
converged at the tip (see Fig. 2(b)). In all the scattering
images shown in this paper, the central black spot is due
to the beam stop, and the gray scale represents the intensities
of scattered light—the brighter the image, the higher the
light intensity. The two scattering patterns shown in Fig.
2(a) and (b) correspond to two distinctly different phase
structures. Phase-contrast optical micrographs of the sample
morphologies that corresponded to Fig. 2(a) and (b) were
obtained from samples that were quenched to below room
temperature to preserve the morphology developed during
flow. The diverging SALS pattern corresponds to a chevron-
like structure in real-space (see Fig. 2(c)) and the conver-
ging pattern arises from the structure shown in Fig. 2(d),
which we call a “deformed spinodal” structure. The
deformed spinodal structure was previously reported for
polybutadiene/polyisoprene blends and was shown to
develop from a spinodal structure by growth of the concen-
tration periodicity in the flow direction during shear defor-
mation, while the periodicity of the concentration
heterogeneity in the vorticity direction remained unchanged
[18]. To distinguish between the two patterns shown in
Fig. 2, we will refer to them as either “divergent” or
“convergent”.

Figs. 3–6 show the effect of shear flow on the SALS of
the SAN/PMMA blend for a shear rate of 0.02 s21. For low
shear strains,g , a divergent scattering pattern was observed.
A three-dimensional (3D) surface plot of the pattern is
shown in Fig. 3(a), where height represents relative inten-
sity. Note that the incident light beam was not centered on
the detector, so that the scattering patterns shown in this
paper are not symmetrical in that the two left quadrants of
the scattering pattern were truncated at a lower value of the
scattering vector,q (q� 4p sinu=l; l is the wavelength of
the light and 2u is the scattering angle). Fig. 3(a) shows that
the two ridges of intensity diverge at high scattering vectors.
Slices of theI vs. qk (the scatter vector parallel to the flow
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Fig. 1. Cloud point curves for SAN/PMMA and SAN/PCL blends. Heating
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Fig. 2. Time-resolved 2D light scattering patterns of a phase-separated 25/
75 SAN/PMMA blend subjected to a shear rate of 0.02 s21, and the corre-
sponding microstructures of the quenched sample: (a) divergent pattern,
g � 7:9; (b) convergent pattern,g � 73:8; (c) chevron structure; (d)
deformed spinodal structure.



direction) plane made at different values ofq' (the scatter-
ing vector parallel to the vorticity direction) are plotted in
Fig. 3(b); the curves are shifted vertically for clarity. The
maximum intensity decreases with increasinguq'u; and the
separation of the two intensity maxima increases. The
separation of the two peaks,uDqkmaxu is plotted against

uq'u in Fig. 4. Here,p, which is determined by statistical
analysis of the data, is the probability of error by rejecting
the hypothesis thatuDqkmaxu does not increase withuq'u: The
small value ofp� 0:00008 confirms that the scattering
pattern is indeed divergent. A puzzling, and as yet unex-
plained, result is that the intercept of the plot atuq'u � 0 is
uDqkmaxu � 2:38^ 0:15mm21

; rather than zero, which is the
expected intercept for a pattern corresponding to a chevron
structure.
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Fig. 3. Characteristics of the divergent scattering pattern�shear rate�
0:02 s21� at g � 7:9 : (a) 3D surface plot, where height is the relative
scattering intensity; (b) 2D plot of intensity distributions of differentq'
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for visual clarity.)
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Fig. 4. Characteristics of the divergent scattering pattern�shear rate�
0:02 s21� atg � 7:9 : distance between two intensity peaks�uDqkmaxu� rela-
tive to the scattering vector magnitude perpendicular to the flow�uq'u�:
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Fig. 5. Characteristics of the convergent scattering pattern�shear rate�
0:02 s21� at g � 73:8 : (a) 3D surface plot, where height is the relative
scattering intensity; (b) 2D plot of intensity distributions of differentq'

in the directions parallel (qk) to the flow. (Curves are shifted vertically
for visual clarity.)

p = 0.0003

0.0

0.4

0.8

1.2

1.6

|
∆ q

l  l 
m

a
x|

, µ
m

-1

2 4 6 8 10

|q
⊥

|, µm-1

Fig. 6. Characteristics of the convergent scattering pattern atg � 73:8 :

distance between two intensity peaks�uDqkmaxu� relative to the scattering
vector magnitude perpendicular to the flow�uq'u�:



In contrast to the scattering patterns shown in Fig. 3, at
higher shear strain the SALS pattern was convergent. The
3D surface plot in Fig. 5(a) shows that the ridges corre-
sponding to the maximum intensities merge at highq; this
is clearly seen in theI vs. qk in Fig. 5(b). Fig. 6 shows that
uDqkmaxu decreases with increasinguq'u; and, again, the small
probability �p� 0:0003� supports the conclusion that the
scattering pattern converges.

3.3. Formation of the chevron-like structure

The observations reported here and in a previous paper
[19] suggest that the chevron-like structure shown in Fig.
2(c), which is associated with the divergent SALS pattern, is
an intermediate morphology that arises when stress is first
applied to a near-critical blend. The origin of this unusual
morphology is still open to speculation. Remediakis et al.
[20] proposed that secondary flows similar to the helical
flows in the vorticity direction reported by Kulicke et al.

[28,29] may be responsible for the chevron-like morphol-
ogy. For highly elastic melts, parallel torsional flow can
produce a secondary flow with a velocity component in
the vorticity direction. Superposition of the primary and
secondary flows produces a velocity vector at an angle out
of theu–zplane (i.e. the plane formed by the flow and shear
gradient directions) that results in a helical flow propagating
radially outward from the plates. For a two-phase melt, one
might expect that the dispersed phase being stretched by the
primary flow field will assume orientations tangential to a
helix. The projection on theu–r plane (i.e. the plane formed
by the flow and vorticity directions, which is what the SALS
probes) will appear as anisotropic domains oriented at an
angle or angles to the flow direction. This could conceivably
give the appearance of a zigzag or chevron-like pattern,
while in reality the structure is 3D. In addition, the absence
of any domains oriented parallel to the flow direction
reduces scattering along the equator of the SALS pattern,
which will produce a dark streak.

Observations made in this study of irregular distortions in
the flowing SAN/PMMA (and SAN/PCL) melts at moderate
shear rates appears to support that hypothesis. Fig.7 shows a
series of azimuthally spaced vortices propagating in the
vorticity direction that were observed for the 80/20 SAN/
PCL blend at a shear rate of 1 s21. Although the connection
between the flow instability observed in Fig. 7, the SALS
pattern and the chevron-like structure shown in Fig. 2(a) and
(c) is speculative, it does establish a working hypothesis for
further investigations.

Fig. 8 shows two zigzag representations of tilted domain
structures and their Fourier transforms (FT); Fig. 8(a) was
stretched to produce Fig. 8(c). The similarity between the
FT patterns and the divergent SALS pattern shown in Fig.
2(c) is apparent. Both possess a dark streak, which presum-
ably arises from the suppression of domains aligned in the
flow direction. Because the orientation of the polymer
domains is probably not as regular as the ideal zigzag struc-
tures drawn in Fig. 8, the SALS pattern in Fig. 2(c) is not as
well-defined as the FTs in Fig. 8 (b) and (c). In addition,
multiple scattering may tend to smear the features the SALS
patterns produced by the polymer sample. Nonetheless, it
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Fig. 7. Flow instability of an 80/20 SAN/PCL blend at a shear rate of 1 s21 in parallel-plates.
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Fig. 8. Simulated zigzag shape of a tilted domain structure and its FT: (a)
zigzag; (b) FT of (a); (c) deformed zigzag; (d) FT of (c).



appears reasonable to hypothesize that the chevron-like
morphology is responsible for the divergent scattering
pattern. However, as mentioned above, extrapolation of
the intensity maxima of the diverging wings on each side
of the dark streak gives a positive intercept at zero scattering
angle, a result that is inconsistent with that expected for
scattering from a zigzag structure.

3.4. Rheo-SALS of off-critical SAN/PCL blend

The off-critical composition, 80/20 SAN/PCL, blend was
well phase-separated after annealing at 1808C and appeared
cloudy. When it was sheared, however, the appearance of
the sample gradually changed from cloudy to clear, though
the SALS patterns indicated that the blend was still phase
separated. A video of the time-resolved SALS patterns at
1808C (i.e. 108C aboveTcp) and a shear rate of 0.01 s21

(shear stress,t � 487 Pa) is available in a file named san_p-
cl.avi [30]. Upon the application of shear flow, the SALS
evolved from an isotropic pattern for a dispersed spherical

phase to a divergent butterfly pattern. With increasingg the
separation of the wings of the divergent pattern decreased
(i.e. the dark streak became narrower), and eventually the
pattern evolved into a bright streak along the equator of the
scattering pattern. This behavior, which is for an off-critical
composition, was similar to that which was previously
observed for the near-critical blend of SAN/PMMA [19].

Fig. 9 shows time-resolved scattering patterns for the
SAN/PCL blend undergoing shear flow at 1808C and a
shear rate of 0.1 s21. The unsheared sample exhibited a
spinodal ring. Shearing the sample produced the divergent
pattern shown in Fig. 9(a). As the strain increased, the
separation between the two wings of the scattering pattern
became narrower, see Fig. 9(b) and eventually disappeared,
and a bright streak pattern that did not change with time
eventually formed (see Fig. 9(c)). The bright streak pattern
corresponds to a blend morphology consisting of fibrillar
domains oriented in the flow direction. When the shear
rate was increased a decade higher to 1 s21, the bright streak
immediately shortened, Fig. 9(d), which indicates further
elongation of the domains. The steady-state scattering
pattern was the bright streak, even though the sample was
optically clear. Higher shear rates were not possible to
achieve with the rheo-SALS instrument without introducing
flow instabilities.

A sample of the 80/20 SAN/PCL blend was also annealed
at 1608C, which is 108C below Tcp, for 1 h and then
subjected to a steady shear rate of 0.05 s21 �t � 12:2 kPa�:
SALS patterns of the sample before and during shearing are
shown in Fig. 10. The unsheared blend�g � 0�was miscible
and the resulting scattering pattern was isotropic. In Fig. 10,
the bright regions adjacent to the beam stop were due to
reflections off the beam stop and the instrument optics.
The scattering pattern was unaffected by shearing, even
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Fig. 9. Time-resolved light scattering patterns for 80/20 SAN/PCL at 1808C (a)–(c): shear rate� 0:1 s21
; shear stress� 7:6 kPa; (a)g � 54; (b) g � 72; (c)

g � 186; (d) shear rate� 1 s21
; shear stress� 44 kPa; g � 732:
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Fig. 10. Time-resolved light scattering patterns of 80/20 SAN/PCL at 1608C
under a shear rate of 0.05 s21, shear stress of 12.2 kPa: (a)g � 0; (b) g �
315:



after the sample was sheared for 2 h. That result indicates
that no large-scale concentration fluctuations developed.
Flow instabilities, however, were observed when higher
shear rates or shear stresses were applied. No evidence of
shear-induced demixing, as has been reported for other
blends [4,5,10,17], was found.

Higher shear rate flows were achieved for the 80/20 SAN/
PCL by using a capillary viscometer. The flow curve at
1808C is shown in Fig. 11. No discontinuities were observed
as might arise if the melt underwent a phase transition. The
SAN/PCL blend had a lower viscosity than the SAN/PMMA
blend and a much shorter relaxation time. The extrudate
from the capillary was quickly quenched in dry-ice slush
and then microtomed for TEM evaluation. TEM images of
the blend extruded at a shear rate of 37.5 s21 and a wall
shear stress of 95 kPa are shown in Fig. 12. The TEM
pictures of ther–u and thez–r planes (Fig. 12(a) and (b)
respectively) are consistent with a morphology of cylindri-
cal PCL-rich domains dispersed in the SAN-rich matrix and
highly oriented in the flow (z) direction. This is not surpris-
ing, in that phase separation of an off-critical composition is

expected to produce dispersed droplets of the minor compo-
nent, and strong shear stresses should elongate and align the
droplets in the flow direction. No stress-induced phase tran-
sitions were observed for shear rates as high as 37.5 s21 and
shear stresses as high as 95 kPa.

Retention of the morphology in the extrudate for micro-
scopy analysis was possible, because quenching of the
specimen to,270 8C was quick enough so that the cylind-
rical rods formed during the extrusion did not have sufficient
time to retract or break up. When the SAN/PCL extrudate
was slowly cooled in air, the blend became completely
transparent due to remixing of the components and the
TEM images were homogeneous and featureless. This result
indicates that for LCST-type binary blends, the quenching
rate is the key for preserving the microstructure. If the
temperature is lowered too slowly, the blend, especially
one with a relatively low viscosity like the SAN/PCL
system, may have sufficient time to equilibrate into a single
phase.

4. Conclusion

The effect of simple shear flow on the morphology and
phase behavior of a near-critical blend, SAN/PMMA, and
an off-critical blend, SAN/PCL, were studied. When shear
was applied to a phase-separated blend, the structure of the
phase domains evolved from bicontinuous to chevron-like,
and finally to fibrillar. Two types of dark-streak scattering
patterns, divergent and convergent, were observed. The
divergent pattern was associated with a chevron-like two-
phase morphology, and the convergent pattern was due to an
elongated spinodal-like structure. The former morphology
was observed at lower shear strains, and it evolved into the
latter as the strain increased. Time-resolved light scattering
measurements and the microscopy studies for both blends
showed no evidence of shear-induced phase transitions.
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