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ABSTRACT: We report an experimental result for a lamellar orientation in cross-linked polystyrene-
block-polybutadiene-block-polystyrene (SBS) triblock copolymer that was uniaxially drawn at 130 °C (above
the glass transition temperature of polystyrene; Tg(PS)). The lamellar orientation was examined using
two-dimensional small-angle X-ray scattering (2d-SAXS) experiments. It was revealed that the lamellar
normal preferentially oriented perpendicular to the stretching direction such that the microdomain
interface between polystyrene and polybutadiene lamellae is more or less parallel to the stretching
direction, where the lamellar normal denotes the direction normal to the lamellar interface. On the other
hand, a herringbone structure was induced by the uniaxial stretching for a sample drawn at room
temperature (below Tg(PS)) without the lamellar orientation. Therefore, it is concluded that the strain-
induced orientation of lamellae can be only attained above Tg(PS) and that the uniaxial stretching above
Tg(PS) was found to be an effective way to induce the preferential orientation of lamellae. The lamellar
orientation was found to be improved by the thermal annealing at a stretched state and more by increasing
the extent of the stretching, as well as cross-linking density.

Introduction

Block copolymers undergo microphase separation and
form well-ordered structures, such as spheres, cylinders,
gyroid, and lamellae.1 It is empirically known that the
macroscopic physical properties of the block copolymers
are correlated with the microdomain structures. In this
regard, the preferential orientation of the microdomains
may be the key for introduction of anisotropy of mac-
roscopic properties. For lamellar microdomains, orienta-
tion under extensional flow or dynamic shear flow has
been extensively studied.2-9 Under extensional flow, a
preferential orientation can be attained with appropri-
ate experimental conditions.2-4 On the other hand,
under the dynamic (oscillatory) shear flow not only
parallel orientation but also perpendicular orientation
are observed, depending upon the deformation fre-
quency and amplitude.9 A biaxial orientation is even
found under the oscillatory shear flow with a large-
amplitude and high-frequency deformation.8

Recently Panyukov and Rubinstein11 have demon-
strated theoretically the eligibility of tensile strain for
the preferential orientation of lamellar microdomains.
To experimentally examine, we should at least stretch
the sample at temperatures above the glass transition
temperature of the constituent block chains. Thus,
chemical cross-links are required. In our previous
study,12,13 we conducted chemical cross-linking of the

polybutadiene (PB) chains in the disordered state of
polystyrene-block-polybutadiene-block-polystyrene (SBS)
triblock copolymers, which was followed by microphase
separation and further uniaxial stretching above the
glass transition temperature of the polystyrene (PS),
Tg(PS). Although the morphology of the microdomains is
lamellar in the virgin sample, ill-ordered bicontinuous
microdomain structure was formed in the as-cross-
linked sample because the lamellar formation may be
kinetically prevented by the chemical cross-links in the
PB chains.12 Upon the uniaxial stretching of this
sample, an embryonic region of lamellae was formed,
but no preferential lamellar orientation was attained.
In the present study, we conducted the chemical cross-
linking in the ordered state, namely, cross-linking of the
PB chains in the lamellar microdomain space. And the
eligibility of the uniaxial stretching for a preferential
orientation was studied using two-dimensional small-
angle X-ray scattering (2d-SAXS) technique.

Experimental Section

The SBS triblock copolymer used in this study has the
following molecular characteristics; Mn ) 6.31 × 104, Mw/Mn

) 1.15, and φPS ) 0.56 where Mn and Mw denote the number-
average and the weight-average molecular weights, respec-
tively, and φPS is the volume fraction of the PS blocks. The
concentration of cross-linker (cX) was in the range of 0.5 e cX

e 4.0 wt %. The SBS sample and the cross-linker, which is
1,1-bis(tert-butylperoxy)-3,3,5-trimethylcyclohexane, was dis-
solved in toluene (the polymer concentration was ca. 5 wt %).
Then the solution was poured into a flat Petri dish to allow
gradual evaporation of the solvent. After complete evaporation
for ca. 7 days at room temperature, an as-cast film was
obtained with ca. 0.5 mm thickness. To activate the cross-
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linker, which cross-links only the PB chains, the as-cast sample
was annealed thermally at 150 °C for 100 min.12,13

We conducted uniaxial stretching at 130 °C for the SBS
samples of which PB lamellae were cross-linked chemically
by the cross-linker. Since the sample was broken when the
stretched sample was exposed to the long-term annealing at
130 °C, we conducted the following experimental procedure.
First, the sample was stretched out in the heating blocks under
the atmospheric condition (no nitrogen substitution at all). The
uniaxial draw ratio ε (ε ) l/l0, where l and l0 denote lengths
of the film at stretched and unstretched state, respectively) is
in a range of 2 e ε e 6, and the draw speed ε̆ was about 0.09
s-1. Then the sample was quenched to 0 °C in the ice/water
mixture in order to lock the sample at a stretched state below
Tg(PS). After the sample was removed from a drawing device,
it was sandwiched by a two pieces of flat glass plate. Note that
the glass plate enabled us to prevent the drawn sample from
relaxing or suffering breaks during the thermal annealing at
130 °C for a given duration.

To quantify the degree of ordering and the degree of the
lamellar orientation, we conducted 2d-SAXS experiments,
which were mainly performed at the BL-15A (SAXS beamline)
in the Photon Factory of the Research Organization for High
Energy Accelerator, Tsukuba, Japan. The imaging plate (250
× 200 mm2), of which the actual pixel size is 100 × 100 µm2,
was used as a two-dimensional detector. The typical exposure
time was in the range 1-4 s. BAS2000 (Fuji Photo Film Co.,
Ltd.) was used for development of exposed 2d-SAXS images.
The 2d-SAXS patterns were further converted to one-dimen-
sional profile by conducting so-called sector averaging. No
further correction such as a background subtraction was made
on the 1d- and 2d-SAXS results.

The schematic drawings in Figure 1 indicate the experi-
mental Cartesian axes with respect to the stretching direction.
Here the y-axis is chosen to be parallel to the stretching
direction and the z-axis is parallel to the normal of a sample
film. For the uniaxially drawn sample, three different views,
i.e., through, edge, and end views, can be identified. Note that
the through view SAXS pattern is recorded on the x-y plane
by sending the incident X-ray beam from the z-direction. The
edge view SAXS pattern is recorded on the y-z plane with
the incident beam from the x-direction, and the end view SAXS
pattern is on the x-z plane with the incident beam from the
y-direction.

Transmission electron micrographs were taken with JEM-
2010 (JEOL Ltd., Japan) operated at 100 kV acceleration
voltage. The samples were embedded in cured epoxy resin and
then ultramicrotomed with ULTRACUT S (REICHERT-NIS-
SEI Co. Ltd.) at cryogenic temperature (-80 °C) using the
FC-S cryogenic system (REICHERT-NISSEI Co. Ltd.). The
thickness of the ultramicrotomed specimens was about 65 nm.
The specimens were stained with a vapor of 2% aqueous
solution of osmium tetraoxide (OsO4) for 60 min and then
subjected to the TEM observation.

Results and Discussion

Figure 2 shows the 2d-SAXS pattern (gray scale for
the logarithmic intensities) for the as-cast film at
unstretched state (parts a and b), and at stretched state

with ε ) 2 (parts c and d). In the pattern for the as-cast
unstretched film, isotropic circular rings were observed.
The intensity is almost independent of the azimuthal
angle. These rings are ascribed to diffraction resulted
from one-dimensionally alternating lamellar micro-
domains because the q values for the diffraction rings
can relatively be assigned to 1:2:3..., where q denotes
the magnitude of the scattering vector as defined by q
) (4π/λ) sin (θ/2) with λ and θ being the wavelength of
the X-ray beam (λ ) 0.1504 nm) and the scattering
angle, respectively. It is needless to note that the
isotropic 2d-SAXS patterns in through and edge views
indicate random orientation of grains in which lamellar
microdomains are regularly ordered. When the edge and
through views are compared, however, the regularity
of ordered lamellae is found to be much superior in the
edge view than in the through view, because up to
fourth-order diffraction rings can be identified in the
edge view (mainly in the z-direction) whereas up to
second-order peaks are observed in the through view.
This result in turn indicates that the lamellar structures
have a tendency to order preferentially with respect to
the substrate- and air-contacting surfaces of the as-cast
film, such that the microdomain interface between PS
and PB lamellae is more or less parallel to the surfaces.
Such an effect of the solution casting was reported more
than 20 years ago.14 The edge view SAXS pattern was
skewed (elongated in the z-direction, i.e., the first-order
peaks appear at qy* ) 0.261 nm-1 and qz* ) 0.297
nm-1). The lamellae, of which interfaces orient parallel
to the substrate- and air-contacting surfaces, are ex-
pected to be compressed along the direction normal to
the as-cast film.15 On the other hand, the lamellae, of
which interfaces orient perpendicularly to the substrate-
and air-contacting surfaces of the as-cast film, are not
compressed. Therefore, the repeat distance is larger so
that the position of the first-order peak in the x- and
y-directions is smaller than that in the z-direction (qx*
≈ qy* < qz*). This fact results in the isotropic and

Figure 1. Schematic drawing of the experimental Cartesian
axes with respect to the uniaxial stretching direction. Here,
the y-axis is chosen to be parallel to the stretching direction,
and the z-axis is parallel to the normal of a sample film.

Figure 2. 2d-SAXS patterns (gray scale for the logarithmic
intensity) for an as-cast film in the unstretched state, (a)
through view and (b) edge view, and for a stretched film, (c)
through view and (d) edge view (stretched at room temperature
with ε ) 2.0, where ε denotes the draw ratio as defined by ε )
l/l0, with l and l0 being lengths of the film in the stretched
state and the unstretched state, respectively).
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anisotropic 2d-SAXS patterns in the through and edge
views, respectively. The higher intensities at diffraction
peaks in the z-direction as compared to that in the
y-direction was also detected in the edge view (Figure
2a; I(qy) < I(qz)). This result is also ascribed to the
preferential lamellar orientation in the as-cast sample
mentioned above.

Upon uniaxial stretching of the as-cast film of lamel-
lar forming block copolymers at room temperature, it
is well-known that the lamellar structure changes into
a herringbone structure.10 As a result, the 2d-SAXS
pattern drastically changes into that shown in Figure
2, parts c and d. Here, the characteristic four streaks
perpendicular to the stretching direction were observed,
being ascribed to the herringbone structure. At room
temperature, the PS microdomains are in a glassy state
so that they are broken and segmented under the load,
whereas the rubbery PB microdomains can deform
elastically. Hence, putting the one-dimensional strain
onto the alternating lamellar grain results in the
herringbone structure.

On the contrary, the structural change caused by the
uniaxial stretching at temperatures above Tg(PS) was
expected to be greatly different such that we can
preferentially orient the lamellar structures with re-
spect to the stretching direction. To draw the sample,
chemically cross-linking the PB block chains is eligible.
In Figure 3, typical examples of the 2d-SAXS pattern

being resulted from high and preferential orientation
of the lamellar structures are demonstrated for the
sample cross-linked with cX ) 4.0 wt % which was
annealed at 130 °C for 0, 2, and 24 h under the stretched
state with ε ) 5.0. Not only in the edge view, but also
in the through view, the diffraction peaks concentrated
their intensities on the x- and z-directions which are
perpendicular to the stretching (y) direction. As a result,
the 2d-SAXS pattern becomes spotty. On the other
hand, the pattern is still isotropic and circular in the
end view. From these results, it is concluded that the
lamellar microdomains preferentially orient along the
stretching direction while the orientation is axially
symmetric with respect to it. Namely, the lamellar
normal preferentially orients perpendicular to the stretch-
ing direction. Here the lamellar normal denotes the
direction normal to the interface between PS and PB
lamellae. Note that streaks resulted from the total
reflection of the incident X-ray beam by the surface of
the sample film.

Figure 4, parts a-c, shows the transmission electron
micrographs in through, edge, and end views, respec-
tively, for the stretched sample that was further an-
nealed at 130 °C for 24 h under a stretched state with
ε ) 5.0. The dark regions are ascribed to the PB
microdomains stained with OsO4, and the bright ones
are the unstained PS microdomains. The preferential
orientation along the stretching (y) direction can be seen

Figure 3. 2d-SAXS pattern (gray scale for the logarithmic intensity) for a cross-linked film (cx ) 4.0 wt %) under stretched state
with ε ) 5.0: (a) as-stretched, (b) annealed at 130 °C for 2 h, and (c) annealed at 130 °C for 24 h.

Figure 4. Transmission electron micrographs for (a) through, (b) edge, and (c) end views of a stretched sample that was further
annealed at 130 °C for 24 h under a stretched state with ε ) 5.0. The concentration of the cross-linker was 4.0 wt %. The dark
regions are ascribed to PB microdomains stained with OsO4, and the bright ones are unstained PS microdomains.
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in Figure 4, parts a and b, whereas axisymmetric
lamellar orientation is more likely seen in Figure 4c.
These results are in accord with the 2d-SAXS results.
Note here that the feature observed in Figure 4, parts
a-c, was discernible in a considerably wide area of the
respective TEM image.

For quantitative discussion of the lamellar orienta-
tion, we will show the scattering intensity as a function
of the azimuthal angle, φ, where the azimuthal angle
is defined as the angle from the principal direction
(meridian), perpendicular to which the diffraction spots
appeared, namely perpendicular to the lamellar normal.
For the sake of more convenience, the normalized
orientation distribution function, P(φ), is introduced. It
is defined by

where I(q*) is the scattering intensity at the first-order
peak position. Figure 5 shows change of P(φ) as a
function of the annealing time for the through view.
Upon 2 h of annealing, little change was discernible.
On the other hand, after 24 h of annealing, a remark-
able increase in P(φ) at φ ) 90° was detected. Similar
facts were observed for the edge view, while P(φ) is
almost uniform with P(φ) ) 0.5 for the end view SAXS
pattern. These results suggest that the axisymmetric
lamellar orientation is readily induced by the uniaxial
stretching at 130 °C and it proceeds further by the
annealing up to 24 h. The second-order orientation
factor, F2, is evaluated for the sake of more quantitative
discussion

where C is a conversion constant from the orientation
of a lamellar normal to that of a lamellar interface with
respect to the stretching direction, and is given by

Φ denotes the angle of the lamellar normal to the
lamellar interface and indeed Φ ) 90°; hence, C ) -1/2.
Thus, the defined second-order orientation factor, F2,

characterizes quantitatively the orientation of the lamel-
lar interface with respect to the stretching direction. In
eq 2, 〈cos2φ〉 denotes the average of cos2φ, which is given
by

Variations of F2 with the annealing time will be
discussed later.

Conducting the sector averaging over the azimuthal
angles, φ ) 90 ( 5° and φ ) 270 ( 5°, the 2d-SAXS
patterns were converted to one-dimensional SAXS
profiles that are displayed in Figure 6. Here the profiles
were vertically shifted to avoid their overlaps. In the
edge view (z-direction) for the as-cast film, diffraction
peaks appeared up to the fourth-order, suggesting well-
ordered microdomain structures in a grain, although the
orientation of grains is not preferential with respect to
the z-direction. Upon uniaxial stretching, both in the
x-direction (through view) and in the z-direction (edge
view), the first-order peak was significantly broadened
with a shift toward a higher q range. With an increase
in the annealing time, the first-order peak became
sharper with a shift toward lower q range. Moreover,
higher-order peaks appeared gradually as the thermal
annealing at 130 °C were prolonged. To discuss the
change in the degree of ordering of the lamellar struc-
tures with the annealing time, change in the width of
the first-order peak (hwhm; the half-width at the half-
maximum) was examined. The repeating distance of
alternating lamellae is also calculated from the position
of the diffraction peak by D ) 2π/q* where q* denotes
the q value of the first-order diffraction peak.

The values of F2, hwhm, and D were plotted as a
function of the annealing time for the through and edge
views in Figure 7, parts a-c, respectively. Note that the
values of F2 and hwhm were evaluated based on the
data for the first-order peak. In Figure 7, parts b and c,
the broken lines indicate the values for the as-cross-
linked film in the through view (x-direction). It was

Figure 5. Apparent normalized orientation distribution func-
tion, P(φ), where φ denotes the azimuthal angle that is defined
as the angle from the principal direction (meridian), perpen-
dicular to which the diffraction spots appeared. These results
were obtained from the 2d-SAXS pattern for the through view
(as-stretched, and annealed at 130 °C for 2 and 24 h for the
sample cross-linked with cx ) 4.0 wt %).

P(φ) ) I(q*,φ) q*2/∫0

π
I(q*,φ) q*2 sin φ dφ (1)

F2 ) C-1 [3〈cos2
φ〉 - 1]/2 (2)

C ) (3 cos2Φ - 1)/2 (3)

Figure 6. 1d-SAXS profiles converted from the 2d-SAXS
patterns by conducting the sector averaging over the azimuthal
angle φ ) 90 ( 5° and φ ) 270 ( 5° for as-cast, as-stretched,
and annealed at 130 °C for 2 and 24 h for the sample cross-
linked with cx ) 4.0 wt %: (a) through view (q//x-direction)
and (b) edge view (q//z-direction).

〈cos2
φ〉 ) ∫0

π
cos2

φ P(φ) sin φ dφ (4)
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found that the value of F2 significantly increased from
0 to 0.88 upon uniaxial stretching (at the zero-hour
annealing) and then more or less increased with an
increase of the annealing time. Eventually, the value
reached as high as 0.93 after 24 h of annealing. The
value of hwhm for the first-order lattice peak signifi-
cantly increased upon the uniaxial stretching (at the
zero-hour annealing) and then decreased rapidly with
an increase of the annealing time both in the through
and edge views. The value eventually leveled off to the
values slightly larger than that for the as-cross-linked
unstretched sample. It is noteworthy that at the zero-
hour annealing the value is much larger in the through
view.

The lamellar repeat period, D, is found to decrease
rapidly upon the uniaxial stretching because the value
of D at the zero-annealing time were smaller than that
of D obtained for the as-cross-linked unstretched sample.
Then, it increased with the annealing time up to about
6 h. Note, however, that the value of D eventually
reached the similar value for the as-cross-linked un-
stretched sample. On the basis of these results, the
change in the lamellar structure upon the uniaxial
stretching can be considered as follows. Upon the
uniaxial stretching, the lamellae in the x- and z-
directions (both are perpendicular to the stretching
direction) are compressed, and the regularity of the

repeating lamellae becomes worse. By thermal anneal-
ing of the stretched sample, the lamellae in the x- and
z-directions thickened to recover the original thickness
even though the sample was annealed at the stretched
state. In the meantime, the regularity of the lamellae
can proceed without degrading the lamellar orientation,
and even the orientation more or less proceeds. Thus,
the uniaxial stretching above Tg(PS) was found to be an
effective way to induce the lamellar orientation. Further
thermal annealing results in the better ordering and
more or less higher orientation of the lamellar struc-
tures.

Upon the uniaxial stretching above Tg(PS), the cross-
linked PB chains should be oriented along the stretching
direction. To check this conjecture, the molecular ori-
entation was examined by the Fourier transform infra-
red spectroscopic measurements. According to the method
reported,16 the value of the dichroic ratio orientation
factor, FD, were obtained for PB from the dichroic ratio
of the absorption band at 966 cm-1, which is ascribed
to an out-of-plane CH bending mode in trans-1,4-PB.
The values of FD were also evaluated for PS using the
absorption band at 1493 cm-1. The results for the
sample cross-linked with cx ) 4.0 wt % are shown in
Figure 8. Since the transition moment of the out-of-
plane CH bending mode for PB is almost perpendicular
to the main chain, negative values of FD indicate parallel
orientation of the PB chain molecules along the stretch-
ing direction. A similar argument can be made for FD
of PS, though the band at 1493 cm-1 is not so sensitive
to the orientation.16 As is expected, it is seen in Figure
8 that the PB chains orient parallel to the stretching
direction and that the orientation proceeds monotoni-
cally with the stretching. On the other hand, no ap-
preciable orientation was detected for the PS chains.
This result indicates that the PS lamellar microdomains
flow upon the uniaxial stretching above Tg(PS) and that
orientation of the un-cross-linked PS chains resulted
from the extensional flow, if any, has been already
relaxed. From Figure 8, it further turned out that the
orientation of the PB chains in the as-stretched sample
was relaxed to some extent by thermal annealing for
24 h. As a consequence, the chain dimension of PB
perpendicular to the stretching direction should be
increased, which in turn should result in an increase
in D because the lamellar repeating direction is per-
pendicular to the lamellar interface that is approxi-
mately parallel to the stretching direction in the stretched
samples. This scenario can explain the increase in D
by the thermal annealing in Figure 7c.

Figure 7. Changes in the orientation factor (F2), the peak
width of the first-order peak (hwhm), and the lamellar
repeating period (D) as a function of the annealing time were
displayed for the sample cross-linked with cx ) 4.0 wt %. Here
F2 was evaluated from the 2d-SAXS pattern using the first-
order peak intensity and D was calculated from the position
of the first-order peak. Filled circles are for the through view
(x-direction) and filled squares are for the edge view (z-
direction). In parts b and c, the broken line indicates the level
for the as-cross-linked film, which was evaluated from its
through view (z-direction).

Figure 8. Dichroic ratio orientation factor, FD, as a function
of the draw ratio (ε) for PS and PB chains. The results for the
sample cross-linked with cx ) 4.0 wt % are shown.
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Finally, we discuss effects of the cross-linking density
and the extent of stretching. Figure 9 displays changes
of 2d-SAXS patterns (distribution of the logarithmic
scattering intensities for through view geometry) as
functions of cx and ε. For slightly cross-linked and
stretched sample (cx ) 0.5 wt % and ε ) 2.0), all of the
diffraction peaks exhibit wide arcs. It is remarkable that
with increasing cx and ε the diffraction peaks concen-
trate their intensities on the equator that is perpen-
dicular to the stretching direction. At the highest cx and
ε (cx ) 4.0 wt % and ε ) 5.0), the diffraction arcs evolved
into spots. Comparison of those 2d-SAXS patterns
definitely demonstrates improvement of the lamellar
orientation. It is more quantitatively confirmed in
Figure 10 where the variations of the orientation factor
F2 with elongation are shown for various values of cx.
Note that its highest value is as large as 0.93.

Conclusion
Lamellar orientation by uniaxial stretching of cross-

linked SBS triblock copolymer was examined by the 2d-
SAXS technique. Above Tg(PS) at ε ) 5.0, highly oriented

lamellar structures were confirmed for cx ) 4.0 wt %.
The lamellar normal preferentially oriented perpen-
dicular to the stretching direction. Thermal annealing
of the stretched sample results in the better ordering
and more or less higher orientation of the lamellar
structures. It was also found that the lamellar orienta-
tion was improved with increasing the extent of stretch-
ing as well as cross-linking density.
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