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Introduction

Block copolymers have the ability to self-assemble into various
nanostructures, which are often called microdomain structures,
depending on the volume fraction, total molecular weight, and
interaction parameter.1 In the self-assembly process, well-ordered
nanostructures randomly nucleate and grow to a submicrometer
scale and form grain structure similar to a polycrystalline
material. The application of external force on block copolymers
induces the orientation of the microdomains and a single-crystal-
like morphology in which well-ordered nanostructures are ex-
tended to a macroscopic scale.2,3 The anisotropic properties of
the single-crystal-like morphology are expected to be used for
many applications such as mechanical,4 optical,5,6 transport,7,8

and so on.9 Various shear fields have been examined to acquire
macroscopically anisotropic morphology, e.g., extrusion,10-14

simple shear,15 reciprocating shear,16-18 press molding,19,20 and
roll casting.21 It has been observed that cylindrical or lamellar
microdomains are aligned perpendicular to the shear direction in
the vicinity of order-disorder transition13,18 and in pentablock
copolymer systems.14,17 On the other hand, for triblock copoly-
mers with microseparated structures in the melt state, it has been
reported that only cylindrical or lamellar microdomains are
aligned parallel to the shear direction.4-6,10,15,16,21

Our previous studies22 of small-angle X-ray scattering (SAXS)
onpolystyrene-block-hydrogenated polyisoprene-block-polystyr-
ene (SEPS) triblock copolymer revealed that the polystyrene (PS)
cylindrical microdomains were aligned parallel to the flow direc-
tion and a single-crystal-like morphology was obtained near the
shear plane, but they were inclined in the inner region by
extrusion through a circular die. With an increase in the shear
rate, the region of the single-crystal-likemorphology increased by
the development of an uniform planar alignment, but PS cylind-
rical microdomains were randomly aligned at the center of the
extruded specimen.

It is well-known that the velocity profile of viscoelastic fluid
induced by shear flow varies with the shear rate. When the shear
rate is high, a zero-velocity gradient region appears at the center
of the shear flow, and this region becomes larger as the shear rate
increases. The velocity profile is radially symmetric in the cross
section of a circular channel die. In contrast, the velocity profile is
anisotropic in the cross section of a rectangular channel die.23,24

Because of the anisotropy of the velocity profile in the cross
section, characteristic morphologies of the cylindrical micro-
domains are expected to be obtained by extrusion through a
rectangular channel die.

In this study, to understand the relationship between the
velocity profile and the morphology of the microdomains in
triblock copolymers with microseparated structures in the melt
state, we investigated the morphology of PS cylindrical micro-
domains of SEPS triblock copolymers extruded through a
rectangular channel die at different shear rates by SAXS mea-
surement. To clarify the shear-induced orientation of the cylind-
rical microdomains, SAXS measurements were performed for
three different irradiation directions on the extruded specimens.
The results are discussed in terms of the velocity profile of the
shear flow.

Experimental Section

The SEPS used in this study was a commercial product,
SEPTON 2002 (SEPS), manufactured by Kuraray Co., Ltd.
SEPS-30 is triblock copolymer with compositions of 30 wt %
of PS. The weight-average molecular weight, as determined
by size exclusion chromatography, was 5.5 � 104. The order-
disorder transition temperature determined by dynamic mechan-
ical property with oscillatory shear strain of 1% was 275 �C.

The extrusion condition and the die used are shown schema-
tically in Figure 1. Specimens were extruded at plunger speeds
of V= 0.5 and 500 mm/min through a rectangular die with
gap H=1 mm, width B=5 mm, and length L=5 mm at
220 �C using a Capilograph 1C capillary rheometer with barrel
radius R=9.55 mm (Toyo Seiki Seisaku-sho, Ltd.). The appa-
rent shear rates at the wall γ for plunger speeds of V=0.5 and
500mm/min, calculated by γ=6VR2/BH2, were 0.72 and 720 s-1,
respectively.

For SAXS measurement, the extruded rectangular specimens
thus obtained were cut into appropriate shapes to obtain a light
path length of ca. 1 mm. SAXS was measured on the extruded
specimens for three different irradiation directions, as shown
in Figure 1. X-rays were irradiated along (i) the flow direction
(z-direction), (ii) the velocity gradient direction (y-direction), and
(iii) the neutral direction (x-direction). SAXSmeasurementswere
performed with a Rigaku RINT 2400 diffractometer (Rigaku
Corp.) equipped with a graphite crystal monochromator, a two-
pinhole collimator system, and a 2-dimensional imaging plate
detector. The monochromatic Cu KR X-ray was generated at
50 kV and 200 mA. Pinhole collimation was obtained with two
0.2mmpinholes spaced 110mmapart. X-ray irradiation spots on
the specimens were moved at intervals of 0.1 mm using the
moving stage with a micrometer. The distance from the sample
to the imaging plate was 550 mm.

Results and Discussion

Figure 2 shows the SAXSpatterns of SEPS extruded through a
rectangular channel die at a shear rate of 0.72 and 720 s-1. Here,
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the incident X-ray was irradiated along the flow direction. At the
low shear rate of 0.72 s-1, the pattern shows azimuthal intensity
distribution due to a pair of peaks along the y-direction and a pair
of broad peaks along the x-direction, but it is almost ring at all
irradiation spots (Figures 2a and 2c). The results indicate that the
(10) cylinder planes are partially aligned parallel to the z-x shear
plane, but they are almost randomly oriented and the morpho-
logy is not like that of a single crystal (see Figure 5a). In contrast,
at the high shear rate of 720 s-1, point patterns are observed and
are varied by moving the irradiation spot along the velocity
gradient direction (y-direction) from the edge to the center of the
cross section (Figures 2b and 2d). Symmetric six-point patterns
are observed near the z-x shear plane (Figure 2b). Since a pair of
spots is seen along the y-direction in the six-point pattern, such a
SAXSpattern indicates a single-crystal-likemorphology inwhich
the (10) cylinder planes are parallel to the z-x shear plane and the
longitudinal axes of the cylindrical microdomains are aligned
parallel to the flow direction near the shear plane, as schemati-
cally shown in Figures 5b and 5d. The interesting result here is
that a pair of strong diffraction peaks is observed at the center of
the cross section (Figure 2d). The pair of strong diffraction peaks
indicates that the cylindrical microdomains are aligned per-
pendicular to the flow direction at the center of the shear flow
(see Figure 5b,d).

Figures 3a and 3b show SAXS patterns of the as-extruded
SEPS measured by the incident X-ray irradiated along the
velocity gradient direction (y-direction) at the center of the z-x
shear plane. At the low shear rate of 0.72 s-1, a pair of strong
diffraction spots is seen along the x-direction (Figure 3a). The
results indicate that the longitudinal axes of the cylindrical
microdomains are parallel to the flow direction and are not
inclined in the neutral direction (x-direction), as schematically
shown in Figure 3c. A pair of diffraction spots along the
x-direction is also seen in the SEPS extruded at the high shear
rate of 720 s-1 (Figure 3b). The pair of diffraction spots along the
x-direction indicates that the longitudinal axes of the cylindrical
microdomains are aligned parallel to the flow direction near the
z-x shear plane as demonstrated in Figures 2b and 5b. The
interesting result here is that a symmetric six-point pattern,
overlapped with the diffraction spots along the x-direction, is
observed. The six-point pattern indicates that a single-crystal-like
morphology exists at the center of the cross section and the (10)
cylinder planes are almost parallel to the y-z plane. This
confirms that the well-ordered hexagonally packed cylindrical
microdomains are alignedperpendicular to the flowdirection and
parallel to the velocity gradient direction (y-direction) at the
center of the shear flow demonstrated in Figures 2d, 5b, and 5d.
In other words, the coexistence of the pair of diffraction peaks
and the symmetric six-point pattern shown in Figure 3b indicates
that the cylindrical microdomains aligned parallel to the flow
direction and those perpendicular to the flow direction are
coexisted along the y-direction, as shown in Figure 3d. Thus,
the alignment of the microdomains at the center of the flow
differs with changes in the shear rate. That is, the longitudinal
axes of the single-crystal-like hexagonally packed cylindrical
microdomains are aligned perpendicular to the flow direction
at the high shear rate while they are not at the low shear rate. The
difference in the alignmentmight be attributed to the difference in
the velocity gradient; i.e., the longitudinal axes of the cylindrical
microdomains are aligned perpendicular to the flow direction
when the velocity gradient is zero at the high shear rate (see
Figures 5e and 5f).

Figure 4 shows SAXS patterns of extruded SEPSmeasured by
the incidentX-ray irradiated along the neutral direction.Apair of
strong diffraction spots is seen along the y-direction near the z-x
shear plane at each shear rate (Figures 4a and 4b), indicating that

Figure 1. Schematic diagrams of extrusion apparatus and geometry of
species for SAXS measurements.

Figure 2. SAXS patterns obtained for SEPS extruded at a shear rate of
0.72 s-1 (a, c) and 720 s-1 (b, d). X-ray irradiation along the flow
direction (z-direction) at the position of 0.2mm from the edge (a, b) and
at the center of the x-y shear plane (c, d). The z-axis is perpendicular to
the plane of the paper.

Figure 3. SAXS patterns obtained for SEPS extruded at a shear rate of
0.72 s-1 (a) and 720 s-1 (b) and schematic diagrams of the PS cylindrical
microdomains and the (10) cylinder planes (c, d). The incident X-ray
irradiated along the velocity gradient direction (y-direction) at the
center of the z-x shear plane. The y-axis is perpendicular to the plane
of the paper.
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the longitudinal axes of cylindrical microdomains are parallel to
the flow direction near the z-x shear plane. The results of
Figures 4a and 4b are consistent with those demonstrated in
Figures 3a and 2b, respectively. At the center of the y-z plane, a
symmetric pattern with wide azimuthal intensity distribution is
seen around the y-direction at the low shear rate (Figure 4c). The
peak position in the symmetric pattern is deviated from the y-
direction and the angle deviated from the y-direction is about 15�,
indicating that the longitudinal axes of the cylindrical micro-
domain are inclined at an angle of about 15� against the flow
direction (see Figure 5c). In contrast, at the high shear rate, a pair

ofweak diffraction spots along the z-direction and an asymmetric
pattern about the y-direction are seen (Figure 4d). The pair of
weak diffraction spots along the z-direction indicates that the (10)
cylinder planes are almost parallel to the y-z plane and that the
longitudinal axes of the short cylindrical microdomains are
perpendicular to the flowdirection and are parallel to the velocity
gradient direction (y-direction), as demonstrated in Figures 2d
and 3b. The azimuthal intensity distribution surrounding the z-
direction indicates that the longitudinal axes of the cylindrical
microdomain in the extruded specimen at the high shear rate are
more inclined around the center of the flow than that at the low
shear rate (see Figures 5c and 5d). Thus, the alignment of
cylindrical microdomains changes along the y-direction. The
broad ring pattern shown in Figure 2c and the weak diffraction
around the x-direction shown in Figure 2dmay be ascribed to the
existence of the cylindrical microdomains inclined around
the center of the flow. The difference in the alignment around
the center of the flow might be attributed to the difference in the
velocity profiles along velocity gradient direction (y-direction) at
the center of the flow; i.e., the inclination to the flow direction is
large when the velocity gradient is small at the high shear rate
while it is small when the velocity gradient is large at the low shear
rate (see Figures 5e and 5f). The asymmetric pattern shown in
Figure 4d is causedby the oblique irradiationofX-ray to thewell-
ordered (10) cylinder planes.Hence, the asymmetry of the pattern
is changed by rotating the specimen and changing X-ray irradia-
tion angle to the cylinder planes.

Since the order-disorder transition temperature is 50 �C
higher than the extruded temperature and the PS microdomains
are elastic in themelt state, the rigid PS cylindrical microdomains
would be oriented by the velocity gradient and deposited along
the inside surface of shear plane.11 Consequently, the alignment
of the cylindrical microdomain is variedwith changes in the shear
rate. Schematic diagrams of the alignment of the PS cylindrical

Figure 4. SAXS patterns obtained for SEPS extruded at a shear rate of
0.72 s-1 (a, c) and 720 s-1 (b, d). X-ray irradiation is along the neutral
direction (x-direction) at the position of 0.2mm from the edge (a, b) and
at the center of the y-z shear plane (c, d). The x-axis is perpendicular to
the plane of the paper.

Figure 5. Schematic diagrams of the orientation of PS cylindrical microdomains and the (10) cylinder planes by extrusion through a rectangular die
revealed by SAXS measurements (a-d) and the velocity profiles of viscoelastic fluid (e, f).
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microdomains of the extrudate suggested from Figures 2-4, and
the velocity profiles of viscoelastic fluid are shown in Figure 5. At
the low shear rate, the cylindrical microdomains are inclined
against the flowdirection at the center of the shear flow due to the
parabolic velocity profile. In contrast, at the high shear rate, the
cylindrical microdomains are aligned perpendicular to the flow
direction at the center of the flow due to the equivalent shear
strain in which the velocity gradient is zero and the velocity
profiles are as flat as plug flow. They are aligned perpendicular to
the z-x shear plane because the velocity gradient at the center of
the flow is significantly affected by the z-x plane which is closer
to the center than the y-z plane.

Conclusions

It was found by extruding SEPS through a rectangular channel
die at a high shear rate that single-crystal-like hexagonally packed
PS cylindrical microdomains were aligned perpendicular to the
flow direction at the center of the shear flow while they were
aligned parallel to the flow direction near the shear plane. Such
characteristic alignment of the cylindrical microdomains might
be attributed to the existence of a zero-velocity gradient region at
the high shear rate. In other words, the longitudinal axes of the
cylindrical microdomains are perpendicular to the flow direction
when the velocity gradient is zero at the center of the flow while
they are parallel when a velocity gradient exists near the shear
plane.
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