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ABSTRACT: The elongational flow-induced morphological change of a triblock copolymer melt of
polystyrene-b-poly(ethylene butylene)-b-polystyrene (SEBS) with polystyrene (PS) weight fraction of 30%
has been investigated using elongational flow opto-rheometry (EFOR) and small-angle X-ray scattering
(SAXS). The alignment of the PS cylindrical domains in a preferred direction is achieved by roll processing
at 200 °C. In the EFOR measurement, the uniaxial elongation with a Hencky strain rate, ε̆0, of 0.01 s-1

is applied at 180 °C in the direction either parallel (case 1 elongation) or perpendicular (case 2 elongation)
to the cylinder axis. Transient elongational viscosity, η(ε̆0;t), measured during the case 1 elongation exhibits
an initial increase, followed by a gradual decrease to almost a steady state before rupture. One measured
during the case 2 elongation shows three different regions with elongation time: an initial increase followed
by a gradual decrease and a final, rapid increase. The SAXS measurement on the elongated films
demonstrates that the alignment of the cylindrical domains persists during the case 1 elongation, whereas
the cylindrical domains are rotated by 90° to be aligned parallel to the elongation direction during the
case 2 elongation, indicating that the final orientation of the cylinders is not determined by the initial
alignment of the domain, but by the Hencky strain rate and the tensile stress level applied on the specimen.

Introduction

The elongational flow behavior of heterogeneous
polymer melts, for example, block copolymers and
polymer blends, is complicated due to the structural
evolution of phase morphology as well as the nonlinear
elongational flow response of component polymers.1-5

Nanophase-separated block copolymers are known to
display various domain structures, depending on the
chemistry and composition of component block seg-
ments.6 The aggregation of domains forms a grain on a
micrometer scale, and both domain and grain struc-
ture affect their macroscopic mechanical and rheo-
logical properties. Our previous studies on polystyrene-
b-poly(ethylene butylene)-b-polystyrene-b-poly(ethylene
butylene) (SEBSEB) tetrablock and polystyrene-b-poly-
(ethylene butylene)-b-polystyrene (SEBS) triblock co-
polymer demonstrated that their birefringences, ∆n(ε̆0;t),
and stress-optical coefficients, C(ε̆0;t), measured during
elongation deviated positively over the values typically
observed in the elongation of homopolymer melts.5 Such
behavior was attributed to the form birefringence of the
phase-separated domain morphology developed in elon-
gational-flow field. It was also reported that the elon-
gated morphology of these block copolymers varied with
the elongation conditions such as strain rate and
temperature.

In past decades, the deformation behavior of block
copolymers in shear-flow field has been investigated in
great detail. It has been reported that a large-amplitude
oscillatory shear induces the alignment of the domains

of diblock copolymers either parallel or perpendicular
to the shearing direction, depending on shearing tem-
perature and molecular weight of component blocks.7-13

Polis and Winey8 demonstrated the continuous rotation
process of the lamellae of a diblock copolymer of
polystyrene-b-poly(ethylene propylene) under a large-
amplitude oscillatory shear and explained the formation
of kink bands in the sheared lamellae by the layer
rotation mechanism.

Elongation of block copolymers has attracted recent
research interest due to their interesting morphological
responses at large deformation.4,15-20 Most studies
reported to date have been carried out below the Tg of
the rigid block and described the deformation initiated
in localized regions or at defects. Pakula et al.18 reported
that polystyrene-b-polybutadiene-b-polystyrene (SBS)
triblock copolymer with cylindrical domains underwent
fragmentation and reorientation during elongation and
displayed a deformed morphology. The long axis of the
cylindrical domains was inclined to the elongation
direction at a stretching ratio of approximately 7.
Regardless of the initial orientation of the cylindrical
domains, the final deformed morphologies of all the
tested specimens were almost the same, indicating that
the amount of elongation applied was significant to
determine the deformation behavior of SBS. Most stud-
ies on the elongation of block copolymers have focused
on the deformation of the lamellar morphology of
triblock copolymers subjected in large strains at room
temperature and demonstrate that the deformed mor-
phology varies with several factors such as initial
orientation of domains, amount of strain applied, and
domain orientation, relative to the stretching direction.

Our previous studies on SEBS and SEBSEB, carried
out at high temperatures between the Tg of polystyrene
(PS) and their order-disorder transition temperatures
(TODT’s), also suggested that the elongated morphologies
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of the cylindrical and spherical domains were controlled
by the applied strain rate. It was also reported that fast
elongation resulted in a tilted phase, whereas slow
elongation caused the parallel alignment of the cylindri-
cal domain.5 The elongational viscosities, ηE(ε̆0;t), enor-
mously increased at low stain rates (strain-induced
hardening), indicating that both molecules and domains
were highly aligned to the stretching direction.

In the present study, we continue to investigate the
elongational deformation behavior of the SEBS triblock
copolymer with cylindrical microdomains much above
Tg of mechanically rigid PS blocks by using elongational
flow opto-rheometry (EFOR) and small-angle X-ray
scattering (SAXS). This study attempts to provide the
detailed information on the structural and morphologi-
cal evolution of the cylindrical morphology subjected in
elongational flow field at high temperatures.

Our EFOR, equipped with a high-precision birefrin-
gence optics, enables us to measure simultaneously
transient tensile stress σ(ε̆0;t) and birefringence ∆n(ε̆0;t)
as a function of time and Hencky strain rate ε̆0 in the
range 0.001-1.0 s-1.21 The attainable maximum Hencky
strain εH,max (≡ ln λmax) can reach as much as 7, which
corresponds to the maximum stretch ratio λmax () Lf/Lo
where Lf and Lo represent the final and original length
of sample, respectively) of approximately 1100, as long
as the specimen is not ruptured during elongation. The
EFOR measurement in the present study is performed
on SEBS with the preferred orientation of polystyrene
cylinders during uniaxial elongation with ε̆0 ) 0.01 s-1

at the temperatures between the Tg of the PS block and
the reported TODT of SEBS. Our results provide the
detailed information on the cylinder rotation of triblock
copolymers subjected in elongational flow.

Experimental Section

Materials. The SEBS triblock copolymer with a PS weight
fraction of 30% (corresponding volume fraction of 25%) (Asahi
Chemical Co.) was used in this study. The molecular weight
of the polymer was determined by gel permeation chromatog-
raphy (GPC) using PS elution standards: a weight-average
molecular weight, Mh w, was 92.6 kg mol-1 and a polydispersity
index was 1.17. The TODT of SEBS could not be detected up to
300 °C in our rheological measurement and has been estimated
to be greater than 300 °C. The block sequence of the polymer
was estimated to be 13.9-64.8-13.9 in units of kg mol-1.

Sample Preparation. The compressed films of as-received
SEBS pellets were prepared by molding at 200 °C. The
alignment of the cylinder domains was achieved by uniaxial
roll processing by counter-rotating two rollers at 200 °C for
about 10 min. They were transferred to another hot press kept
at ambient temperature and pressure without applying load
and allowed to be cooled by circulating chilled water into the
jacket of a hot press.

Specimens for the EFOR measurement had dimensions of
about 60.0 (length) × 7.0 (width) × 2.5 (thickness) mm3,
prepared by cutting a roll-processed sheet in the direction
either parallel or perpendicular to the rolling direction. The
initial morphology of the unelongated samples was checked
by SAXS prior to the EFOR measurement. Whether the
cylindrical phase of a sample strip was globally aligned was
confirmed by monitoring the orientation of the cylindrical
domain at different positions in a sample strip. The elongated
samples collected at various stages of elongation were quenched
into ice water to freeze the deformed morphologies and kept
at room temperature prior to SAXS measurements. Whether
the undesirable relaxation or change in the cylinder orienta-
tion occurred between the EFOR and SAXS measurement was
also checked by collecting the SAXS data of the sample just
after the EFOR and during the SAXS measurement.

SAXS Apparatus. The measurements were carried out in
our SAXS apparatus consisting of a 6 kW rotating-anode X-ray
generator (M06XCE, MAC Science Co. Ltd.) with Cu KR
radiation (wavelength, λscat ) 0.154 nm), operated at 50 kV
and 24 mA. It includes a Ge monochromator, point-focusing
optics, and a vacuum chamber for the incident beam path and
scattered beam path and a two-dimensional imaging plate
detector. The distance between the sample and detector was
set at 700 mm. The correction for slit-width smearing was not
needed due to the fine, point-focusing cross section (0.1 mm ×
1 mm) of the primary X-ray beam used in this study.

Two-dimensional SAXS patterns of the specimens collected
during various stages of elongation were taken at room
temperature. The data on the angular dependence of the SAXS
intensity were obtained by scanning through the peak intensi-
ties on the observed patterns and then digitally saved for
further analysis. Another set of the scanned data was also
collected by scanning along the azimuthal direction of the main
intense peak. The data in the range of 0 < q () 4π sin θ/λ
where 2θ is a scattering angle) (nm-1) e 0.4 and 0.4 < q (nm-1)
e 1.5 were measured separately with different X-ray exposure
times to achieve adequate signal-to-noise ratios at higher q
values.

EFOR Measurement. The elongational flow opto-rheom-
eter employed in our study was a combination of a Meissner’s
new elongational rheometer of gas-cushion type commercial-
ized as Rheometrics Melt Elongational rheometer (RME:
Rheometrics Scientific Co.) which was described elsewhere.22

In the measurement, the Hencky strain rate ε̆ is defined under
assumption of affine deformation described below:

where ε̆0 ) (1/L0)(dL0/dt) ) [1/L(t)][dL(t)/dt] [L0 and L(t)
() L0 exp ε̆0;t) represents the initial and elongated dimension
at time t, and h(t) is a unit step function: 1 for t g 0 and 0 for
t < 0]. Assuming no volume change of a sample during elon-
gation, i.e., A0L0 ) A(t)L(t) where A0 and A(t) [) A0 exp(-ε̆0;t)]
are the initial and elongated cross-sectional area at time t,
then the Hencky strain ε(t) is expressed as

where λ(t) [) L(t)/L0] denotes the stretching ratio at time t. In
each run, the tensile force F(ε̆0;t) at t is converted to the tensile
stress σ(ε̆0;t) by dividing by the cross-sectional area, A(t), of
the sample at t. The elongational viscosity is given by

In our measurement, a sample strip was clamped between
two metal belt conveyers at a fixed distance L0 and annealed
at 180 °C for 120 s to remove mechanical and thermal history
on the samples acquired prior to elongation. The measurement
was usually carried out at 180°C with a Hencky strain rate of
0.01 s-1. The data measured at different temperatures and
strain rates will be reported in a separate publication.23 For
convenience, we denote the elongation in the direction parallel
to the cylinder axis as the case 1 elongation and that
perpendicular to the cylinder axis as the case 2 elongation.

The tensile force and retardation were simultaneously
measured during measurement. The estimation of the bire-
fringence ∆n(ε̆0;t) requires the thickness of the specimen at
time t. Assuming no volume change of the specimen during
elongation, we estimated both cross-sectional area and thick-
ness from the initial dimensions measured prior to elongation
at the ambient temperature. Then, the specific volume, νjSEBS,
of SEBS was assumed to be additive of those of the component
homopolymers as shown below:

ε̆ ) ε̆0h(t) (1)

ε(t) (≡ ε̆0;t) ) ln(L(t)
L0

) ) ln λ(t) for t g 0 (2)

ηE(ε̆0;t) )
σ(ε̆0;t)

ε̆0
(3)

νjSEBS ) wPSνjPS(T) + wPEBνjPEB(T) (4)
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where wPS and wPEB are weight fractions; νjPS(T) and νjPEB(T)
are the specific volumes of the PS and PEB homopolymers as
a function of temperature, T, which are adopted from the
literature data24 and the specific volume data of amorphous
low-density polyethylene [) 1.262 + 0.0009 × (T - 125)],25

respectively. The difference between the intensities of one
detector, Sp (+45° inclination to the stretching direction) and
the other detector, Ss (-45° inclination to the stretching
direction), was offset prior to the EFOR measurement, and
the time evolution of the birefringence ∆n(ε̆0;t) was then
determined. The details were described elsewhere.22

Results

Stress-Strain Curve. Figure 1 shows the plots of
engineering stress, σ′(ε̆0;t) [) F(ε̆0;t)/A0] vs Hencky strain
ε(t) of (a) the case 1 and (b) the case 2 elongation at 180
°C with ε̆0 ) 0.01 s-1. The measurements were carried
out at least three times for each experiment to achieve
statistically significant averages. The data showed that
the samples were ruptured near ε ∼ 1.8 (after ap-
proximately 180 s) during the case 1 elongation, whereas
they were highly elongated up to ε ∼ 3.9 (after ∼ 390 s)
in the case 2 elongation. The maximum yield stress and
strain measured in the case 1 elongation were both
greater than those in the case 2 elongation.

In the case 1 elongation, the PS and PEB domains
are aligned parallel to the elongation direction. Because
of the bridging midblock conformation of the PEB
molecules, effective for stress transfer between mechani-
cally rigid PS domains, the case 1 elongation exhibits
the higher initial modulus and yield stress. In the case
2 elongation, on the other hand, the alternate arrange-
ment of the PS and PEB domains to the stretching
direction leads to the preferential elongation of the
matrix PEB in the early stage of elongation, resulting
in a lower initial modulus, yield stress, and yield strain
value, as compared to one measured in the case 1
elongation.

Elongational Viscosity. Figure 2 shows the elon-
gational viscosities, ηE(ε̆0;t), measured at 180 °C against
elongation time t on a double-logarithmic scale during
(a) the case 1 and (b) the case 2 elongation with ε̆0 )
0.01 s-1. In the case 1 elongation shown in Figure 2a,
the ηE(ε̆0;t) increases continuously with t up to near ε )
0.4 and then remains almost constant for a while,
followed by a slight decrease before rupture. Because
of the parallel arrangement of the PS and PEB domains,
the early elongation probably causes the orientation of
the PS and PEB molecules in the disordered phase to

the stretching direction, which then leads to the initial
increase of the ηE(ε̆0;t) up to ε ) 0.4. The almost constant
ηE(ε̆0;t) value on further elongation for ε > 0.4 may be a
result of the slipping of the domains and grains along
the stretching direction. The slight decrease in the final
stage of ηE(ε̆0;t) just before rupture may be indicative
of the strain-induced softening behavior, as described
in our previous papers.5

In the case 2 elongation, the ηE(ε̆0;t) data may be
divided with t (or Hencky strain ε) into three regions:
an initial increase up to ε ) 0.2, a decrease to almost
the steady state in the range of 0.2 < ε e 0.7 and a rapid
final increase before rupture. In the perpendicular
elongation, the measured ηE(ε̆0;t) does not show a
plateau region, revealing that the steady state is not
observed. Because of the alternate arrangement of the
PS and PEB domains to the stretching direction, the
preferential deformation of the PEB matrix caused the
initial, small ηE(ε̆0;t), compared to one measured in the
case 1 elongation. On further elongation in the range
of 0.2 < ε e 0.7, the stress on PEB molecules was
transferred to the PS cylindrical domains to rearrange
the domain and grain structure to the stretching direc-
tion, leading to a change in the observed ηE(ε̆0;t). In the
final stage of elongation, the yielded domain structure
experienced the further reorganization or realignment
along the elongation direction, showing the further
increase in ηE(ε̆0;t), indicative of strain-induced harden-
ing behavior. The larger ηE(ε̆0;t) values for the case 2
elongation compared to one measured in the case 1
elongation were probably due to a larger grain size with
better orientation of the domain structure at large
deformation in the case 2 elongation.

The scattered initial ηE(ε̆0;t) in the beginning of both
elongations were presumably due to the slight distortion
of the sample geometry during equilibrating at 180 °C
prior to measurement. The difference between two sets
of ηE(ε̆0;t) data in the first stage of elongation up to ε )
0.2 may result from different orientations of the cylin-
ders in both cases. It was reported that the parallel and
perpendicular orientation of the lamellae relative to the
shearing direction exhibited different rheological re-
sponses in the beginning of deformation.8-13

SAXS Results. Figure 3a-d shows a series of the
SAXS patterns of the unelongated and elongated samples
subjected in the case 1 elongation, collected at (a) 0 s
(unelongated), (b) 20 s (ε ) 0.2, λ ) 1.2), (c) 90 s (ε )

Figure 1. Engineering stress and strain curves of the SEBS
samples subjected in the (a) case 1 and (b) case 2 elongation. Figure 2. Plots of elongational viscosity vs time at 180 °C

and with a strain rate of 0.01 s-1: (a) case 1 and (b) case 2
elongation.
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0.9, λ ) 2.5), and (d) 190 s (ε ) 1.9, λ ) 6.7) during
elongation. The corresponding one-dimensional SAXS
scans of I(q) vs the scattering vector, q, were obtained
by scanning through the peak intensities in Figure 3
and shown in Figure 4a-d. The data have been multi-
plied by a factor of 103 to avoid overlapping between
data.

Figure 4a shows a series of equatorial X-ray peaks,
confirming that the PS cylindrical axes of the un-
elongated sample were initially aligned along the stretch-
ing direction. The amorphous halo, overlapped with the
most intense peak, was relatively intense, indicating
that the disordered cylindrical phase coexisted with the
ordered phase. In Figure 4a-d, we found an intense
main peak at around q ≈ 0.29 nm-1 and additional
higher-order peak maxima in the range of 0.4 < q (nm-1)
e 1.0. They were approximately in the ratio of 1:x3:
x7, indicating that the cylinders are packed in a two-
dimensional hexagonal lattice. The most intense peak
was indexed as 100 hexagonal peak, and the additional
peaks were assigned as higher-order 110 and 210 peaks.
On the basis of the position of the 100 peak, the higher-
order peak intensities were calculated and marked as
arrows in Figure 4. The deviation from the calculated

peak positions and the broadness of the observed peaks
were partly due to the fact that the deformed, elongated
specimens were not in a thermodynamic equilibrium.

As shown in Figure 3a-d, the characteristic features
remained almost similar, indicating that the initial
cylindrical morphology was maintained during the case
1 elongation. On the basis of the position of the 100 peak
in Figure 3a-d, the corresponding cylinder diameters,
D [) 2d100(x3φPS/2π)1/2], were estimated and sum-
marized in Table 1. Assuming that the 100 peak has a
Gaussian profile, the full width at half-maximum (fwhm)
in degree was also summarized in this table. Because
of the macroscopic strain applied on the sample which
caused its scattering centers to deviate from Gaussian
statistics, these values contained 7-8% calculation error
in the curve-fitting procedures.

On the other hand, Figure 5a-e show the SAXS data
of the unelongated and elongated samples subjected in
the case 2 elongation, collected at (a) 0 s (unoriented),
(b) 20 s (ε ) 0.2, λ ) 1.2), (c) 70 s (ε ) 0.7, λ ) 1.9), (d)
200 s (ε ) 2, λ ) 7.4), and (e) 400 s (ε ) 4, λ ) 54.6).
The elongation direction was along the meridian in
these patterns. The corresponding one-dimensional
SAXS scans along the peak intensities I(q) vs scattering
vector, q, were also shown in Figure 6a-e.

In Figure 5a for the unelongated sample, a series of
the SAXS peaks appear in the meridional direction,
confirming that the PS cylinders of the unelongated
samples are initially aligned perpendicular to the
stretching direction. As seen in scan a in Figure 6, the
most intense peak corresponds to the hexagonal 100
peak and the additional X-ray peaks to the higher-order
hexagonal peaks whose q values are almost in the ratio
of 1:x3:x7. Thus, the meridional peaks seen in Figure
5a show that the two-dimensional hexagonal lattice is
aligned perpendicular to the stretching direction.

Figure 3. Two-dimensional SAXS patterns of the unelongated
and elongated samples collected during the case 1 elongation
at (a) 0 s (unelongated), (b) 20 s (ε ) 0.2, λ ) 1.2), (c) 90 s (ε
) 0.9, λ ) 2.5), and (d) 190 s (ε ) 1.9, λ ) 6.7).

Figure 4. One-dimensional equatorial scan data obtained on
the two-dimensional SAXS patterns shown in Figure 3: (a) 0
s (unelongated), (b) 20 s (ε ) 0.2, λ ) 1.2), (c) 90 s (ε ) 0.9, λ
) 2.5), and (d) 190 s (ε ) 1.9, λ ) 6.7).

Table 1. Column Diameter, D, and Fwhm Determined
from the SAXS Data of the SEBS Samples, Collected

during the Case 1 Elongation

Hencky
strain, ε

column diameter,
D (nm)

half-width of the 100
peak (deg in 2θ)

0.0 11.7 ( 0.1 0.045 ( 0.003
0.2 11.6 ( 0.1 0.047 ( 0.004
0.9 11.4 ( 0.2 0.048 ( 0.005
1.9 11.3 ( 0.1 0.044 ( 0.003
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On the basis of the position of the 100 peaks in Figure
6, we estimated the cylinder diameter, D, during the
case 2 elongation and summarized in Table 2. The data
show that the measured D gradually increases at ε )
0.2 (a) and 0.7 (b) but slightly decreases just before their
rupture [(d) and (e)]. The initial increase in D resulted
from the increased structural imperfection of the cyl-
inder domains, aligned perpendicularly to the stretching
direction. On further elongation near its rupture, the
orientation of domains was highly improved, leading to
the decrease in D just before its rupture. The fwhm’s of
the 100 peaks in Figure 6 were estimated and sum-
marized in Table 2. As seen in the table, it increased
due to the increase in structural imperfection during
elongation by ε ) 0.7, which was caused by the defor-
mation and rotation of the cylindrical morphology to the
stretching direction. On further elongation, it decreased
again by the structural reorganization and the further
alignment of the deformed cylindrical domains to the
stretching direction.

The data scanned along the azimuthal direction
provide the information on the rotation of the cylinder

phase during elongation. Figure 7a-e display the data
scanned in the azimuthal direction (â) along the most
intense 100 peaks in Figure 5, and â ) 90° denotes the
meridional direction. The peak intensity at â ) 90° in
Figure 7a reveals that the cylinders of the unelongated
sample are preferentially aligned in the direction per-
pendicular to the stretching direction. Figure 7b for the
sample at ε ) 0.2 shows that the main peak intensity
has moved to â of approximately 108°. An additional
weak peak is also found at around 157°. The broadness
and existence of two peaks in the azimuthal scan profile
may be caused by the rotation of the grains that are
preferentially aligned in two different directions. In each
grain, the PS cylinders are aligned along the preferred
direction.

Figure 7c for the sample at ε ) 0.7 shows the peak at
approximately 60° from the meridian, and the peak
width is smaller than that for ε ) 0.2. The scan profile
indicates that most cylinders are uniformly inclined by
approximately 30° to the elongation direction. The
absence of the four-point pattern indicates that the
cylinder phase of the case 2 samples is preferentially

Figure 5. Two-dimensional SAXS patterns of the unelongated and elongated samples collected during the case 2 elongation at
(a) 0 s (unelongated), (b) 20 s (ε ) 0.2, λ ) 1.2), (c) 70 s (ε ) 0.7, λ ) 1.9), (d) 200 s (ε ) 2, λ ) 7.4), and (e) 400 s (ε ) 4, λ ) 54.6).

Macromolecules Elongation of Triblock Copolymer Melt E



tilted to the stretching direction. A similar morphology
was previously reported.5 In Figure 7d,e, the 100 peak
is found at around 180°, almost on the equator, indicat-
ing that the initial perpendicular cylinder domains have
been rotated by approximately 90°, parallel to the
elongation direction. In addition, the disappearance of
the amorphous halo also points out that the global
alignment of the cylindrical domains to the stretching
direction has been achieved.

The degree of orientation of the cylindrical domains
can be quantitatively expressed by order parameter, f,
defined by the following equation:

where 〈cos2 â〉 is the mean-square cosine of the angle
between cylinder axis and the elongation axis; I(â) is
the azimuthal intensity distribution corresponding to
the peak widening due to misorientation. Optical bire-
fringence, infrared dichroism, nuclear magnetic reso-
nance, and X-ray scattering are among the most popular
methods used to measure molecular order with different
characteristics. Since X-ray scattering techniques are
effective in characterizing the orientation of molecules
and domains separately, we employ it to examine the
orientation of the cylindrical domains and its change
during case 2 elongation. On the basis of the azimuthal
scan data along the first-order peak shown in Figure 7,
the f’s at different levels of Hencky strains were
estimated by eq 5 and plotted in Figure 8. Since the
amorphous halo at the same diffraction angle was
almost absent, the correction of the background scat-

tering from the observed 100 peak intensity was ignored
in the calculation.

In Figure 8, we see that the f for the orientation of
the cylinder domains increases rapidly as the elongation

Figure 6. One-dimensional scan data obtained on the two-
dimensional SAXS patterns shown in Figure 3: (a) 0 s
(unelongated), (b) 20 s (ε ) 0.2, λ ) 1.2), (c) 70 s (ε ) 0.7, λ )
1.9), (d) 200 s (ε ) 2, λ ) 7.4), and (e) 400 s (ε ) 4, λ ) 54.6).

Table 2. Column Diameter, D, and Fwhm Determined
from the SAXS Data of the SEBS Samples, Collected

during the Case 2 Elongation

Hencky
strain, ε

column diameter,
D (nm)

half-width of the 100
peak (deg in 2θ)

0.0 11.6 ( 0.1 0.042 ( 0.003
0.2 13.5 ( 0.2 0.049 ( 0.003
0.7 13.7 ( 0.2 0.061 ( 0.005
2.0 11.6 ( 0.1 0.045 ( 0.004
4.0 11.4 ( 0.1 0.034 ( 0.003

f ≡ 3〈cos2 â〉 - 1
2

)
∫I(â)| sin â|(32 cos2 â - 1

2) dâ

∫I(â)|sin â| dâ
(5)

Figure 7. Azimuthally scanned data along the strongest 100
peak in Figure 6: (a) 0 s (unoriented), (b) 20 s (ε ) 0.2, λ )
1.2), (c) 70 s (ε ) 0.7, λ ) 1.9), (d) 200 s (ε ) 2, λ ) 7.4), and
(e) 400 s (ε ) 4, λ ) 54.6).

Figure 8. Plot of order parameter, f, vs Hencky strain
determined from the azimuthal intensity distribution along
the 100 peak in Figure 5.
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proceeds up to near λ ≈ 2 (ε ≈ 0.7), indicating that the
development of the ordering due to the realignment or
rearrangement process of the cylindrical domains is
significant in the early stage of elongation. Beyond λ ≈
2, it continues to increase, but less rapidly, by further
alignment of the cylinders into the stretching direction.

Discussion

Morphological Change at Small Strains. The
elongational flow-induced deformation behavior of both
the perpendicular and the parallel cylindrical phase has
been investigated at various stages of elongation. The
data point out that the morphological evolution of the
cylindrical phase depends on the initial orientation of
the cylinders before elongation. At small strains, either
the PS or the PEB domain was preferentially elongated
depending on their geometrical arrangement to the
elongation direction. The retardation, R(t), provides
information on the molecular orientation at small
strains. In our EFOR system, as shown in Figure 9, the
He-Ne laser light at 632 nm from the source was once
circularly polarized with polarizer and a quarter wave
(λ/4) Q1 plate before entering into the total reflecting
prism and converted back with the polarizer P to a
plane-polarized light with electric vector at 0° relative
to the direction of elongation.22 The plane-polarized light
was incident on another quarter wave Q2 plate set at
45° to the direction of elongation and passed through
the specimen under elongation. After passing through
the specimen, the elliptically polarized light was re-
flected back by the mirror. Then it passed the specimen
and Q2 plate again and deflected by 90° with the half
mirror at nonpolarizing beam splitter (NPBS) and
reached the polarizing beam splitter (PBS) set at 45°.
Then the beam was split and detected at a silicon
photoelectric detector Sp at 45° inclination and with
another detector Ss at -45° inclination so that the
intensities DP and DS, perpendicular and parallel to
the stretch direction, respectively, were detected with

Sp and Ss detectors. The retardation, R(t), can be
expressed by the phase difference ∆t at time t between
the polarized lights on the detectors, with intensities
DS and DP:

Experimentally, the phase difference ∆(t) is determined
by the apparent retardation Rapp(t) and measured
intensities, DSa (DS + D0, where D0 is the unpolarized
background) and DPa (DS + D0) and on the detectors:

where Am [) (DP + DS)/(DP + DS + 2D0)] denotes the
amplitude factor. To eliminate the effect of the preexist-
ing alignment of the cylinders in the unoriented speci-
mens, the initial difference between the intensities DPa
and DSa was offset in the beginning of each EFOR
measurement. The quantity we wish to determine is the
overall phase difference ∆(t) that can be obtained from
the true retardation R(t). The phase difference δ(t) per
a single layer of the specimen at a time t between the
consecutive minimum/maximum is defined as

where R(t) ) [1 + (D0/4)]Rapp(t) with the factor [1 + (D0/
4)] being given from the neighboring peak-to-peak
difference. We then calculate the overall phase differ-
ence ∆(t) at time t as

where m is the number of maximum/minimum peaks
of Rapp(t) appearing by the time t. Then if the sample
thickness at time t is d(t), we determine the value of
birefringence ∆n(t) as

The Rapp(t) measured during the elongation of the PS
melt started with a negative value, indicating that PS
has a negative birefringence, whereas one from low-
density polyethylene exhibited a positive value in the
beginning of elongation.26,27

Parts a and b of Figure 10 show the apparent
retardation data measured during the case 1 and 2
elongation, respectively. By approximately 5.5 s, Rapp(t)
could not be measured due to the idle time of the EFOR
equipment. In parts a and b of Figure 10, the initial
Rapp(t)’s before about 20 s show positive and negative
values in the case 1 and 2 elongation, respectively. The
results suggest that the deformations at small strains
in the case 1 and 2 elongations are mainly determined
by the deformation of the PS and PEB domain, respec-
tively.

The cylinder morphology may not be much changed
during the case 1 elongation because of the relatively
rigid PS domains, aligned parallel to the elongation
direction. On the other hand, in the case 2 elongation,
the increase in ηE(ε̆0;t) is attributed to the deformation
of the soft PEB domains, which eventually causes the
fragmentation and reorganization of the domain as well
as the grain structures along the stretching direction.

Figure 9. Schematic diagram of the birefringence optical
system in our EFOR apparatus.

R(t) ) DS - DP
DS + DP

) sin[2∆(t)] (6)

Rapp(t) )
DSa - DPa

DSa + DPa
) DS - DP

DS + DP + 2D0
)

Am sin[2∆(t)] (7)

δ(t) ) arcsin [R(t)]/2 (8)

∆(t) ) δ(t) + [(π/4) + π(m - 1)/2] (9)

∆n(t) ) λHe-Ne∆(t)/2πd(t) (10)
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Morphological Change at Large Deformation:
Case 1 Elongation. With increasing strain up to ε )
0.9, the measured ηE(ε̆0;t) in the case 1 elongation
slightly decreases to reach almost a steady state before
rupture. The corresponding SAXS data of the samples
collected at ε ) 0.9 show almost the same feature as
those seen in the unelongated sample, indicating that
the parallel cylinder alignment persisted up to the
rupture. The fact that the 100 peak is broader at this
stage of elongation indicates that the packing order of
the PS cylinders is poor due to large strains applied.
The result points out that the case 1 elongation by ε )
0.9 causes the misaligned cylinders to be aligned to the
stretching direction.

At ε ) 1.9, the sharpness of the 100 peak and its shift
to the wide angle region could be due to the reorganiza-
tion and realignment of the domains or molecules
beyond yielding. The absence of the amorphous halo in
the SAXS pattern also indicates that the disordered
phase is converted into the order phase at higher
elongation. The improved cylinder alignment into the
stretching direction may be associated with the better
packing and the structural ordering of the highly
elongated cylindrical phase. The persistence of the
characteristics seen in Figure 3a-d also indicates that
the initial cylindrical morphology is maintained almost
up to rupture.

Case 2 Elongation. At intermediate amount of
strain (0.2 < ε e 0.7) during the case 2 elongation, the
ηE(ε̆0;t) value is slightly decreased to be almost the
steady state. Figure 5b,c shows that the cylinder
domains gradually rotate into the stretching direction,
and at ε ) 0.7, the cylinder axes were globally inclined
by approximately 30° to the stretching direction. In
Figure 5b,c additional peaks did not appear during
elongation. In the corresponding one-dimensional SAXS
scan data (b) in Figure 6, the scattering vector q value
of the peaks gradually moves to the small angle region
on increasing strain by ε ) 0.2. The result is probably

due to the increased structural imperfection that may
be attributed to a deformation of the PEB matrix,
resulting in larger cylinder-to-cylinder distances and the
disruption of the perpendicularly aligned domain struc-
ture. At ε ) 0.7 shown in the plot c of Figure 5, we see
the cylindrical domains, inclined to the stretching
direction by approximately 30°. The absence of the four-
point pattern, indicative of the absence of the “chevron”
morphology,28 is probably due to the initial alignment
of the domains which is not exactly perpendicular to the
elongation direction and causes the domains to rotate
in either one of the two possible directions. The peak
width in the 2θ direction becomes broader due to the
decreased packing order of the cylinders, induced by the
rotation of the domains.

On further elongation beyond ε ) 0.7, the ηE(ε̆0;t)
begins to rapidly increase further up to the rupture and
displays the strong strain-induced hardening behavior.
In Figure 5c, we see the peak in the 2θ direction is
slightly sharper due to the increase of grain size along
with the improved packing order of the cylinders at
large deformation. The SAXS data show a series of
equatorial X-ray peaks, confirming the rotation of the
cylinders from the perpendicular to the parallel align-
ment. The parallel alignment of the cylinders was
achieved relatively easily at high temperature where
the molecular correlation became weaker by the in-
creased thermal motion of molecules than at low tem-
peratures. The domains composed of the associated,
mobile molecules, confined by their interfaces seem to
rotate further to the stretching direction. A similar
result was found during shearing of the diblock copoly-
mers, showing that a large amount of shear produced
the parallel or perpendicular alignment of lamellar
domains where the domain interfaces were aligned to
the shearing direction.8-13

Conclusions

The combination of the EFOR and SAXS measure-
ments provided the information on the structural evolu-
tion of the cylindrical domains under elongation. The
deformation behavior varied with the initial alignment
of the cylinder domains. The case 1 elongation induced
the preferential elongation of the relatively rigid PS
domains in the beginning of elongation and the initial
parallel morphology largely persisted at large deforma-
tion up to rupture. The reorganization of the grain
structure along with yielding of the PS domains de-
creased the ηE(ε̆0;t) beyond the yielding point during the
case 1 elongation.

On the other hand, for the case 2 elongation, the soft
PEB matrix was preferentially aligned in early stage
of elongation. The further elongation during the case 2
elongation caused the deformation, rotation, and frag-
mentation of the grain structure along the stretching
direction, resulting in a decrease in the ηE(ε̆0;t) values
in the range of 0.2 < ε e 0.7. The rapid increase of the
ηE(ε̆0;t) in the later stage, exhibiting the strain-induced
hardening behavior, was caused by the realignment of
the domain structure. Moreover, the decrease of the
width of the 100 peak resulted from the reformation and
growth of the grains along with the molecular and
domain orientation. The SAXS and EFOR measure-
ments indicated that the elongation behavior of the
cylinder microdomain at high temperatures was mostly
governed by the morphological evolution of the cylinder
domain and the rearrangement process of the grain

Figure 10. Plots of apparent retardation, sin[2∆(t)], vs time
measured during the (a) case 1 and (b) case 2 elongation.
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structure during elongation, especially in the case 2
elongation.
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