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Abstract Effect of large shear on an asymmetric block
copolymer with nanospherical domains has been studied
using rheology and small angle X-ray scattering. The
material investigated was a triblock copolymer poly
[styrene-b-(ethylene-co-butylene)-b-styrene] swollen in a
midblock-selective solvent. When cooled below the order–
disorder transition temperature (TODT), the system forms a
locally ordered structure of grains with body-centered cubic
(BCC) lattice. Isothermal shearing, either at constant rate or
with large amplitude oscillatory shear (LAOS) at low
frequencies and strain amplitude greater than or equal to
2.0, leads to the destruction of the BCC lattice (isothermal
“shear melting”). Upon cessation of the shear, the BCC
structure recovers with kinetics similar to the one after
thermal quench from above TODT. Under certain experi-
mental conditions, LAOS leads to alignment of the BCC
lattice. The lattice orientation depends primarily on shear-
ing frequency. At low frequencies, there exists an upper and
lower bound on strain amplitude where monodomain tex-
tures can be obtained. Upon alignment, the modulus drops
by about 30% of that of the polycrystalline structure. Mea-
surement of rheological properties offers an indirect
method for distinguishing between polycrystalline structure
(grains) and monodomain texture.

Keywords Block copolymer . Large amplitude oscillatory
shear . Flow induced orientation . BCC order .Monodomain

Introduction

Nanophase separation in block copolymers of uniform
molar mass leads to formation of a periodic structure of
nanoscale domains. The size, shape, and periodicity of
these domains depend on the volume fraction of individual
blocks, thermodynamic incompatibility, and thermo-me-
chanical history. Periodicity arises when these nanosize
domains, after phase separation, further order into supra-
molecular structures of micron size. The morphology and
ordering dynamics of the ordered phases has been the
subject of extensive research for the past two decades.
Several investigators have studied the nanophase separation
and subsequent ordering in block copolymers upon cooling
and its effect on the rheology for different morphologies.
Time-resolved small angle X-ray scattering (SAXS) and
small angle neutron scattering (SANS) were used to discern
the evolution of the microstructure.

For binary block copolymers (two types of linear blocks)
of highly asymmetric composition, the minor phase, upon
phase separation, forms nanosize spheres in a continuous
matrix of the major component. As the composition of the
minor component is increased, first, cylindrical domains are
observed, and then, for nearly symmetric composition,
lamellae are formed upon phase separation.

A fundamental difference between spherical domain
morphology and other morphologies of block copolymers
(cylinders, lamellae) is its reduced molecular mobility.
Whereas one-dimensional (lamellae) and two-dimensional
(cylinders) structures allow molecules to rearrange in two
or one direction, respectively, without leaving their respec-
tive domains, cubic structures have no such mobility. This
is due to the fact that a deformation in any direction
changes the intersphere distance causing a penalty in free
energy. Because of this, cubic structures of block copoly-
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mers exhibit strikingly different rheological properties than
other morphologies (Rosedale and Bates 1990; Kawasaki
and Onuki 1990; Ryu et al. 1997; Kossuth et al. 1999).

In case of spherical domains, the nano-spheres arrange
on a body-centered cubic (BCC) lattice, a process that is
much slower than ordering of cylinders to form a hexagonal
lattice or the ordering of lamellae (Sakamoto and Hashimoto
1998). This BCC lattice ordering is observed below a
certain temperature known as the “lattice-ordering temper-
ature (TLOT)” that is substantially lower than the nanophase
separation temperature (also referred to as “order–disorder
transition temperature,” TODT; Kim et al. 1999; Schwab and
Stühn 1996). However, recent work by Park et al. 2005
suggests that the former transition is not clearly defined.
Such lattice ordering of the nanospheres without any flow
leads to polycrystalline or grain structure with grain size of
the order of a few microns (Sakamoto and Hashimoto 1998).

For one-dimensional (lamellae) and two-dimensional
structures (cylinders), a great effort has been made to study
the kinetics of ordering upon phase separation and flow-
induced large-scale ordering (Almdal et al. 1992; Gupta et al.
1996; Winter et al. 1993). For cubic phases, a considerable
amount of literature (McConnell et al. 1995; Almdal et al.
1993; Mortensen et al. 2002, Mortensen 2004, Hamley et al.
1998, Castelletto et al. 2005) exists on the flow-induced
ordering. Soenen et al. 1997 found for a triblock copolymer
that the rate of BCC-lattice ordering, when lowering the
temperature below TLOT, is highest at a temperature in be-
tween TLOT and the glass transition temperature of the
polystyrene (PS) phase. The sample was a poly[styrene-b-
(ethylene-co-butylene)-b-styrene] (SEBS) swollen in a mid-
block-selective hydrocarbon oil. Similar observations were
noted for poly(styrene-b-ethylene-alt-propylene) in squa-
lane (Liu et al. 2004).

For selectively swollen SEBS, Soenen et al. 1997
observed that the rate of structure formation is negligible
above a certain strain amplitude indicating structure break-
up because of flow. For PS–polyisoprene (PI) di- and
triblocks, a zero shear viscosity was observed at very low
shear rates (Sebastian et al. 2002a). In addition, for a
variety of similar di- and triblock samples, the BCC lattice
was reported to be present during flow at low deformation
rates. However, the BCC order was destroyed by shearing
at a constant rate when exceeding a certain critical stress
(τc; Sebastian et al. 2002b). This τc was found to be
proportional to the low frequency plateau modulus of the
cubic structure. The recovery of the broken structure after
application of τ>τc was found to be very similar to the
ordering after a thermal quench from above TODT. To our
knowledge, these were the first attempts to study “mechan-
ical melting” of BCC-forming block copolymers.

The flow was found to have a strong effect on the BCC-
ordered structure of a PS–polybutadiene (PB) diblock that

was swollen with a styrene-selective solvent dibutyl phthalate
(Watanabe et al. 2001a). SANS profiles recorded immediate-
ly after shearing showed that the position of the primary
peak remained unchanged, whereas the secondary and higher
order peaks add to a broad tail up to a shear rate of 1.0 s−1.
This suggested that the BCC lattice is only mildly disrupted
up to a shear rate of 1.0 s–1. However, at the higher shear
rate of 10 s−1, the position of the primary peak shifted to low
q values (increase in average spacing between the spherical
domains) thereby indicating massive disruptions of the BCC
lattice. Similar observations were noted for corresponding
butadiene–styrene–butadiene triblock in dibutyl phthalate
(Tan et al. 2003). This value of shear rate was found to be
close to the concentration fluctuation frequency of PS–PB
chains, which is obtained from the reciprocal of the terminal
relaxation time as obtained from G′–G″ plots. Whereas the
recovery of the diblock after shear was slowest at this shear
rate, the recovery of the triblock after shear was observed to
be independent of shear rate. It also was much slower than
the recovery of a comparable diblock.

Almdal et al. 1993 used SANS in all the three directions
to study the effect of large amplitude oscillatory shear
(LAOS) on poly(ethylenepropylene) (PEP)–poly(ethylethy-
lene) diblocks at elevated temperatures. LAOS at temper-
atures between 70 and 90 °C and with a strain amplitude of
1.0 and a shearing frequency of 0.02 rad/s generated a
twinned BCC structure with {110} planes oriented parallel
to the shear planes. For the diblock of poly(styrene-
ethylene-alt-propylene), in-situ SAXS studies during LAOS
indicated different results (Okamoto et al. 1994). Under the
experimental conditions (room temperature), the PS spheres
were vitrified (Tg≈62 °C) in the molten matrix of PEP
(Tg≈−60 °C). With a shearing frequency of 0.0936 rad/s
and strain amplitude of 0.5, in situ SAXS measurements
indicated a preferential orientation of the BCC lattice with
{110} planes parallel to the shear plane. In addition, the
total stress decayed during shearing as number of LAOS
cycles increased. However, this preferential orientation of
{110} planes relaxed and stress recovered after the
cessation of LAOS. SAXS studies also indicated that the
BCC lattice was oriented only during LAOS but vitrified
PS spheres remained undeformed. The strain amplitude
imposed on the BCC lattice was nearly equal to the
macroscopic strain amplitude (Okamoto et al. 1994).

LAOS led to an increase in degree of order and decrease
in dynamic moduli of gels of E40B10 in aqueous K2SO4

(Pople et al. 1997). Upon cessation of LAOS, the moduli
recovered to the original value (of less ordered structure).
However, the large-scale structure was retained even after
the cessation of shear. For diblocks of poly(oxyethylene)–
poly(oxybutylene), LAOS was observed to induce macro-
scopic alignment of twinned BCC crystals (Hamley et al.
1998).
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Shear-induced morphologies of the cubic-ordered tri-
block copolymer in a selective solvent have been studied
under LAOS and by using in situ SANS (Mortensen et al.
2002). LAOS above certain strain amplitudes and within a
certain frequency range leads to the alignment of grains
producing single-domain textures. The minimum strain
amplitude required to achieve this ordering was found to
be the same as that where a crossover between the dynamic
moduli is observed during strain-sweep experiments. The
frequency window where this ordering was achieved is
nearly the same where G′ and G″ are nearly equal in the
linear viscoelastic range. Depending on the strain amplitude
and frequency, different orientations were generated. For
the PS–PI diblock in decane, face-centered cubic crystals of
the nanophase-separated diblock copolymer changed from a
polycrystalline (powder pattern) to <111> sliding layers
under the application of steady shear (McConnell et al.
1995). The transition occurred over a certain range of shear
rates where the material exhibited hysteresis in steady shear
stress vs shear rate data. For higher shear rates, <111>
layers align within the shear plane. For BCC crystals,
twinned structures were obtained under shear with <110>
layers parallel to the shear plane. Higher shear rates caused
shear melting with loss of the BCC lattice.

Rheology of the aligned structures has been studied for
the PS–PB diblock swollen in tetradecane (Watanabe et al.
2001b). The plateau modulus was found to decrease by
about 10% upon shear-induced ordering.

Despite several studies on shear-induced ordering of
block copolymers, time scales of breaking/recovery of the
structure and rheology of cubic phases of block copolymers
that is ordered using flow are largely unexplored. The
present study deals with the effect of a well-defined flow on
a BCC-ordered structure in asymmetric block copolymers.
The cubic structure in these block copolymers is highly
sensitive to strain. The BCC lattice breaks in shear flow
even at extremely low shear rates (Mandare and Winter
2006). In this paper, we study the recovery of the structure
that was broken in shear and search for flow conditions that
generate long-range ordered structure.

Materials and methods

The triblock copolymer of this study, SEBS of Shell
(commercial name Kraton G1650), contains 29% PS, has
a number average molecular weight Mn=94,000, and a
polydispersity index of 1.15. For our experiments, the
midblock of the polymer was selectively swollen with an
extender oil (commercial name Fina Vestan) having a Mn of
about 600. The details of the sample preparation are
adopted from Soenen et al. 1997. All the samples used in
this study contain 20% polymer (SEBS20). The TLOT for

SEBS20 is about 120 °C, and the glass transition tem-
perature of the PS domains is about 60 °C.

Experimental

Rheology and small angle X-ray scattering

A strain-controlled rheometer (ARES, TA instruments) was
used for measuring rheological properties and for shear-
induced ordering. Cone and plate fixtures with a cone angle
of 0.1 rad and a diameter of 25 mm were used for all the
experiments. The nominal gap for the cone was 0.0559 mm.

SAXS was used for the morphological characterization.
SAXS was performed using Ni-filtered Cu Kα radiation
(0.154 nm wavelength) from a Rigaku rotating anode
(operated at 40 kV, 200 mA). The X-ray beam was
collimated by a set of three pinholes. The camera length
calculated by silver behenate was approximately 1,195 mm.
Scattering patterns were acquired with 10×15 cm2 Fuji
BAS-2500 ST-VA image plates and were read with a Fuji
BAS-2500 image plate scanner. Samples from the rheom-
eter were directly used in the SAXS setup. The incident
beam was perpendicular to the shear planes as shown
schematically in Fig. 1.

All experiments were carried out with a BCC-ordered
sample. The sample preparation will be described next.

Shear direction

Y

X

Gradient

Z

X-ray beam

Fig. 1 Schematic of shear geometry and direction of incident beam
for X-ray experiments
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Preparation of BCC ordered sample

The sample was first heated to 150 °C into its single phase
and kept at that temperature for 10 min to erase the thermo-
mechanical history. Then, it was cooled to a temperature
below TLOT and kept there for BCC structure development.
The isothermal ordering process was probed with a small
amplitude oscillatory shear. The growth of the dynamic
moduli after this thermal quench is shown in Fig. 2a. The
evolution of tanδ with time at different frequencies (Fig. 2b)
shows that the sample exhibits a transition from liquid to
solid. At the instant of transition (called “gel point”), the
typical powerlaw relaxation behavior appears at low
frequencies. Such powerlaw behavior is known for gelation
because of network formation (Winter and Mours 1997),
while here, gelation is due to repulsion between the
molecular blocks and due to ordering.

The corresponding time required for the formation of
critical gel is about 1,440 s, and the S and n values are
about 2,868 Pa sn and 0.646, respectively, where S and n
are the stiffness and exponent in the Winter–Chambon gel
equation describing the modulus of the critical gel G(t)=

St−n (Winter and Chambon 1986). The sample required
about 3,000 s to reach steady values of moduli. As typical
for physical gels, the storage modulus shows a frequency-
independent plateau at low frequencies, while the loss
modulus indicates that there is a finite longest relaxation
time below which the sample can flow.

For most of the experiments described in this paper, the
sample was annealed at 100 °C and then cooled to room
temperature. This resulted in a nanophase-separated BCC-
ordered structure. Concentric SAXS rings from such
samples (Fig. 3) indicate the polycrystalline order. The
BCC lattice spacing as determined from the position of the
primary peak is about 28 nm. This ordered SEBS20 sample
served as the initial condition for shear experiments
throughout this paper.

Mechanical “melting”

The fragility of the formed structure was probed by
applying two different types of large strain. The annealed
sample was subjected to either LAOS or to shearing at a
constant shear rate for a specified time. In initial experi-
ments, immediately after the flow was stopped, the sample
was quenched to room temperature, and SAXS was
performed. In subsequent experiments, the broken structure
was allowed to heal after the flow was stopped. For that
purpose, the sample was kept at high temperature, and
recovery of the sample was followed by time-resolved
mechanical spectroscopy as explained by Mours and Winter
(1994). Then, the sample was quenched to room tempera-
ture for SAXS characterization.
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Fig. 3 SAXS profile of SEBS20 annealed at 100 °C and recorded at
room temperature
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Results

Effect of shear on formed structure

A quiescently ordered SEBS20 sample (Figs. 2, 3) was
subjected to large shear strain (both constant shear and
oscillatory). For the startup of shear, the shear rate was
varied from 2×10−5 to 2.0 s−1. For LAOS, both the
shearing frequency and strain amplitude were varied.
Leveling off of the stress response during shearing
indicated that the “rheological” steady state had been
reached and the breaking of the structure had reached a
balance with some sort of dynamic assembly process.

The temperature during shearing was kept constant at
100 °C for all experiments. After reaching steady-stress
levels, shearing was stopped, the sample was quenched to
room temperature, and SAXS was performed. For LAOS,
the shearing frequency was kept constant at 0.1 rad/s. Three
different strain amplitudes were used, γa=2.0, 3.0, and 4.0.
Figure 4a shows the SAXS profiles recorded after shearing
at different shear rates, and Fig. 4b shows the SAXS profile
recorded after LAOS. The BCC lattice was destroyed by
shearing at a constant rate and by LAOS under all
experimental conditions when the strain amplitude was
greater than 2.0. SAXS results immediately after cessation
of LAOS at low frequencies with γa≤1.0 are discussed in
the next section.

Recovery after cessation of large shear

A major question for this research was how the structure that
is broken because of shear can heal and how the order can
establish itself. To study this, the starting point was again a
quiescently ordered SEBS20 sample at 100 °C (Figs. 2, 3).

Large shear (oscillatory or constant rate) was applied to
this sample at 100 °C. When such a sample was quenched
to room temperature, the SAXS studies always indicated
that the BCC order was lost under all shearing conditions
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Fig. 4 a SAXS profile recorded on SEBS20 after sudden quench after
shear at constant rate. A broad shoulder after the primary peak
indicates liquid-like short-range order. b SAXS profile recorded on
SEBS20 after sudden quench after LAOS at ω=0.1 rad/s. A broad
shoulder after the primary peak indicates liquid-like short range order
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Fig. 5 Schematic of tempera-
ture and shear protocol used to
study the recovery of sample
after LAOS
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(Fig. 4a,b). To study how such a broken sample can heal
itself, annealing was carried out on the sample immediately
after cessation of a large shear. Figure 5 shows a schematic
diagram of temperature and shear protocol. The course of
the recovery was followed by dynamic mechanical spec-
troscopy (see dynamic moduli of Fig. 6). When the
dynamic moduli reached steady values, the probing was
stopped, the sample was quenched to room temperature,
and SAXS was performed to determine the presence/
absence of the BCC lattice.

Figure 6 shows the recovery kinetics of the sample that
was sheared at 100 °C using LAOS at ω=0.1 rad/s. Results
for four different strain amplitudes (γa=1.0, 2.0, 3.0, and
4.0) are shown in Fig. 6a -d, respectively. The recovery
kinetics and the final values of the moduli are dependant on
the strain amplitude during LAOS. In particular, when the
strain amplitude was greater than or equal to 2.0, samples
recovered with the same time scales and to the same final
moduli values as when it was quenched from a temperature
above TODT and annealed (ref Figs. 2, 3). However, when
the strain amplitude was less than 2.0, the final steady
values of the modulus was reduced by about 30% compared
to the sample that was quiescently ordered after thermal
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Fig. 6 Growth of storage moduli after LAOS with ω=0.1 rad/s and at different strain levels; T=100 °C; a γa=100%; b γa=200%; c γa=300%; d
γa=400%

Fig. 7 SAXS profile on a re-
covered sample after LAOS
with ω=0.1 rad/s; T=100 °C;
a γa>2.0; b γa=1.0
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quench from TODT. Moreover, the recovery was faster after
the LAOS with γa∼1.0 with the initial moduli being rela-
tively large compared to the samples that had been broken
by larger strains.

The SAXS experiments on the “recovered” samples
showed that under all conditions, the sample recovered with
a BCC lattice. For γa>2.0, the isotropic rings in the SAXS
pattern indicate that the sample was polycrystalline
(Fig. 7a) similar to that after thermal quench. Whereas,
when γa<2.0, the sample recovered with highly oriented
structures. This is reflected in a near-symmetric sixfold
pattern in the SAXS experiments (Fig. 7b). This structure
has a modulus 30% less than the polycrystalline structure.
Thus, measurement of rheological properties during recov-
ery after LAOS offers an indirect tool (see Fig. 6) to
distinguish between polycrystalline and aligned structures.
A few SAXS experiments were performed immediately
after shearing the sample with a frequency of 0.1 rad/s and
a strain amplitude of 1.0 (not allowing the sample to
recover). The scattering profiles on these samples also
showed a near-symmetric sixfold pattern similar to Fig. 7b
indicating that the highly ordered structures are formed
sometime during the shearing. Annealing does not lead to
any major changes to the scattering pattern; only the
observed moduli at low frequencies increase slightly during
annealing, indicating that shear melting does not occur
when the strain amplitude is less than 1.0.

Shearing the sample using a constant shear rate leads to
somewhat different results. The dynamic moduli after
recovery were the same as those for quiescent ordering for
all the shear rates used in the study. However, the time scales
for the recovery were different. At low shear rates, the
recovery was fast, whereas at higher rates, the recovery was
slow and similar to the one after thermal quench. The SAXS
results after recovery showed only the polycrystalline state.

Shear-induced large-scale ordering

During recovery after LAOS, it was realized that when the
strain amplitude was less than 2.0, the samples recovered
with highly oriented structures (Fig. 7b). In the following, a
systematic investigation of this phenomenon is carried out
to map a frequency/strain region where large-scale ordering
is observed. Such a study has been performed earlier for
SEBS20 (Mortensen et al. 2002). However, only the higher
end of the frequency window (where G′ and G″ are parallel
and almost equal) was explored, and rheological observa-
tions were not reported. The purpose of this work was to
extend this frequency window to lower frequencies and to
observe the effect of large-scale ordering on the rheology of
the material.

In initial experiments, a constant frequency was chosen
at a value that falls in a region where a plateau is observed

in G′ (0.5–0.001 rad/s at 100 °C). An annealed sample was
sheared at this constant frequency for a period of 1 h.
Higher shearing times were used at the lower frequency (up
to 24 h for 0.001 rad/s) to allow a considerable number of
shearing cycles. After shearing, the sample was annealed
isothermally and then quenched for SAXS characterization.
In all the SAXS experiments, the beam was parallel to the
shear gradient.

It was observed that up to a shearing frequency of
0.01 rad/s, shearing with a strain amplitude of 1.0 leads to
formation of a nearly symmetric sixfold pattern. Such an
orientation has been observed earlier for SEBS (Mortensen
et al. 2002) and for poly(ethylenepropylene)–poly(ethyl-
ethylene) (Almdal et al. 1993). This corresponds to the ori-
entation where the {111} plane is parallel to the shear plane.
At a frequency of 0.001 rad/s, even after 24 h of shearing,
highly oriented structures were not observed in SAXS.

At a frequency of 0.1 rad/s, the strain amplitude was
varied between 0.25 and 4.0. The shearing time was kept
constant at 1 h for each strain amplitude. It was observed
that a minimum strain amplitude of 0.5 was required for the
sixfold pattern to develop. Below this amplitude, the
sample developed a structure with a polycrystalline pattern
similar to Fig. 3. In addition, a strain amplitude of greater
than or equal to 2.0 caused shear melting, and the sample
recovered with a polycrystalline pattern upon annealing.

For comparison, a different frequency region was chosen
(1.0–60 rad/s). A frequency of 1.0 rad/s coincides the
transition from the plateau region of G′ to the growth region
with an increase in frequency. In this frequency window, a
fourfold pattern was observed with a higher strain ampli-
tude of 1.0 (Fig. 8a). At a lower strain amplitude (0.5), a
different orientation is observed upon shearing that corre-

Fig. 8 SAXS profile on a
recovered sample after LAOS
with ω=6.3 rad/s; T=100 °C;
a γa=1.0; b γa=0.5
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sponds to an anisotropic scattering pattern (Fig. 8b). The
pattern in Fig. 8b has two sharp meridional reflections and
two sharp equatorial reflections. The fourfold pattern has
been observed earlier for PS–PI under steady shear
(McConnell et al. 1995) and for SEBS20 (Mortensen et al.
2002). The anisotropic pattern (Fig. 8b) has been reported
only by Mortensen et al. 2002. The fourfold pattern corre-
sponds to the orientation where the {110} plane/<111>
direction is parallel to the shear plane/direction (twinned
BCC structure). The asymmetric pattern is basically a two-
dimensional powder with the {100} plane/<011> direction
parallel to the shear plane as discussed in detail by
Mortensen et al. 2002. In this case, only a part of the
sample is oriented, whereas the remaining part is in powder

form. Table 1 reports the frequency and strain amplitude
used and also the final orientation as observed by SAXS.

Shin et al. 2000 measured the deformations imposed on
the lattice (change in domain spacing) and on nanospheres
during LAOS. The sample consisted of soft spheres of poly
(ethylene-alt-propylene) in hard matrix of PS. The temper-
ature used was well above the Tg of nanospheres and
slightly above the Tg of PS. The results showed that at 95 °C
and with ω=0.0944 rad/s, γa=0.41, the imposed strain on
lattice is about 70% of the macroscopic strain and that on
the spheres is about 40% of the macroscopic strain. It is
emphasized that the frequency of 0.0944 rad/s corresponds
the region where G′ and G″ are parallel to each other (high-
frequency region in this study). Spheres in the study of Shin
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Fig. 9 Comparison of the frequency sweeps at 100 °C. Triangles:
Sample ordered at T=100 °C using ω=6.3 rad/s and γa=100%
(Fig. 8a). Squares: Sample ordered at T=100 °C using ω=0.1 rad/s
and γa=100% (Fig. 7b). Circles: Sample annealed at 100 °C after
thermal quench (Figs. 2, 3)

10-4 10-3 10-2 10-1 100
101

102

103

104

G
',

 G
'' 

[P
a]

γ
Fig. 10 Comparison of strain sweep at 0.1 rad/s, T=100 °C. Squares:
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Sample ordered at T=100 °C using ω=0.1 rad/s and γa=100%
(Fig. 7b)

Table 1 frequency and strain
during LAOS and the type of
structure obtained after shearing

Frequency
(rad/s)

Strain
(%)

Type of structure

{110}/<111>
(Fig. 8a)

{100}/<011>
(Fig. 8b)

{111}/<112>
(Fig. 7b)

Polycrystalline
(Fig. 7a)

20 100 X
10 100 X
10 50 X
6.3 100 X
6.3 50 X
1.0 100 X
0.5 100 X
0.1 >200 X
0.1 100 X
0.1 50 X
0.1 25 X
0.01 100 X
0.001 100 X
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et al. 2000 are softer and hence easier to deform than the PS
spheres in this study. On the other hand, the material in this
study has a matrix that is softer and easier to deform than
the PS matrix of Shin et al. 2000. This leads us to
hypothesize that under our experimental conditions of high
frequency (>1.0 rad/s), most of the deformation during
LAOS is imposed on the BCC lattice that leads to a change
in the interdomain spacing, whereas the PS spheres
essentially maintain their shape. There is an energy penalty
associated with this change in the PS domain spacing that
can be minimized when a direction in the BCC lattice
containing the highest density of PS spheres is aligned
parallel to the shear direction. For the BCC lattice, this
direction is <111>, and the plane that has the highest
density of PS spheres is the {110} plane. This explains the
observed twinned structure at high frequencies with the
{110} planes parallel to the shear plane. The origin of other
two structures (Figs. 7b and 8b) is still unclear.

Dynamics of polycrystalline structure vs dynamics
of aligned structure

Rheology of the highly oriented structure was studied using
small amplitude oscillatory shear, and its strain sensitivity
was probed in strain-sweep experiments. These results are
compared with those for the polycrystalline structure
(Fig. 9). The oriented structures, with different orientations,
exhibit a plateau in G′ at low frequencies similar to the one
for the polycrystalline structure. However, the magnitude of
this plateau is about 30% lower than that for the
polycrystalline structure. In addition, the oriented structure
exhibits a minimum in G″ at relatively lower frequencies
than that for the polycrystalline. This indicates that even
this highly ordered structure behaves as soft solids and that
it will eventually flow at very low frequencies. It is
interesting to see that all the highly oriented structures,
with different orientations, exhibit the same rheological
behavior with the plateau modulus being 30% less than that
of the annealed sample.

A comparison of strain-sweep data on the oriented and
polycrystalline structure (Fig. 10) indicates that the strain
sensitivity of the material upon alignment is nearly the
same as that for the quiescently ordered material.

Conclusions

SEBS20 under nanophase-separated conditions forms a
BCC lattice with spheres of PS embedded in the matrix of
EB. This three-dimensional order is destroyed under
nonlinear deformations (constant rate as well as LAOS)
giving rise to a liquid-like short-range ordering of PS
spheres in the midblock. Upon cessation of the shear, the

broken structure heals, with ordering kinetics and morphol-
ogy that depend on the shearing conditions. Shearing under
constant rate as well as LAOS with γa≥2.0 leads to
“mechanical melting.” The structure broken under these
conditions recovers with kinetics similar to the one after
thermal quench from above TODT. In addition, the mor-
phology of the recovered structure is similar to the one after
thermal quench (polycrystalline).

Highly oriented structures are achieved only by LAOS
with γa≤1.0 but not by shearing at constant rate. The
orientation achieved by such LAOS is dictated by the
shearing frequency. At low frequencies (G′ plateau), {111}
planes are oriented parallel to the shear plane. At low
frequencies, there exists an upper and lower bound of strain
amplitude between which this oriented structure can be
obtained. At higher frequencies (G′ and G″ parallel), {110}
planes are aligned parallel to the shear planes. All the
different oriented structures exhibit a similar rheological
pattern with a plateau modulus that is 30% less than that of
the polycrystalline structure.
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