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ABSTRACT: We investigate simultaneous lamellar contraction and the stress-strain response in
styrene-ethylene propylene (SEP) lamellar diblock copolymer melts under shear. Lamellar contraction
was found in predominately parallel lamellae in three SEP copolymers during steady shear. The amount
of contraction strongly depends on the molecular weight of the block copolymers as well as the rate of
deformation. These molecular weight and shear rate dependences are discussed in terms of chain
distortions and entanglements in the interpenetration zones of the block copolymer lamellae. For three
molecular weights and three shear rates, we report a unifying correlation between lamellar contraction
and applied shear stress, indicating a strong dependence of the molecular-scale chain distortion and the
macroscopic strength of deformation (stress).

Introduction

The viscoelastic properties of lamellar block copoly-
mers and polymer brushes under finite shear have been
the subjects of many theoretical calculations and simu-
lations in the past few years.1-6 In particular, Williams
and MacKintosh3 examined the elastic nature of lamel-
lar diblock copolymer chains under shear. They pro-
posed that, in the strong segregation limit as well as at
a fast enough shear rate, block copolymer chains distort
elastically, giving rise to a reduction in lamellar spacing.
Joanny,2 on the other hand, studied the viscous contri-
bution of the interpenetration zone between two oppos-
ing polymer brushes and argued that the viscous friction
concentrated in this small interpenetration zone dis-
sipates most of the energy during shear deformation.
The first theoretical examination of the interpenetration
zone within block copolymer lamellae was made by
Witten, Leibler, and Pincus,1 who estimated the extent
of interpenetration (and entanglement) across a lamella
as well as the slow stress relaxation process due to the
entanglement. Later, the rheology of polymer brushes
and lamellar diblock copolymers in either a strongly
entangled2,6 or unentangled4 state was modeled. More
recently, the rheology and nonlinear stress response of
multiblock copolymers were modeled by assuming time-
dependent conversion of bridge (elastic) to loop (viscous)
conformations.7

Experimental studies have as well been conducted in
attempts to contribute to the understanding of the linear
and nonlinear deformation behaviors in block copoly-
mers (see Honeker and Thomas for a recent review8),
including lamellar block copolymers.9-11 The large
strain deformation drives both the morphology and
chain dimensions away from their equilibrium states,8
which is reflected by domain distortion, enhanced
orientation (for unoriented lamellae), and layer contrac-
tion.10,12,13 In particular, Polis and co-workers observed
lamellar contraction in oriented lamellar diblock co-

polymers under steady shear via in situ SAXS.10 By
assuming a linear viscoelastic behavior, they interpreted
the observed contraction in terms of local strain profiles
within the lamellar microdomains.

In this study, we examine the lamellar contraction
under steady shear in three styrene-ethylene propylene
lamellar diblock copolymers using an in situ SAXS-
rheology method. We find that the lamellar contraction
increases with both the molecular weight and shear
rate. This result will be interpreted on the basis of the
presence of entanglements in the interpenetration zones
within diblock copolymer lamellae and the molecular
weight and shear rate dependences of the friction force
within these interpenetration zones. A direct correlation
between the relative lamellar contraction and the
macroscopic shear stress is compared to the Williams
and MacKintosh theory to support our interpretation.

Experimental Section

Materials. Three lamellar poly(styrene-b-ethylene propy-
lene) diblock copolymers were examined in this study, SEP-
(39-24), SEP(38-62), and SEP(111-83), each number corre-
sponding to the nominal molecular weights (kg/mol) of the PS
and PEP blocks, respectively. They were synthesized by
selective hydrogenation of PS-PI diblock copolymers by Dr.
Steven D. Smith at Proctor & Gamble. All three copolymers
have a polydispersity of less than 1.04. Approximately 1 mm
thick films of the three copolymers were cast at room temper-
ature from 5 wt % toluene solutions. The films were then dried
under vacuum for 24 h at room temperature, followed by 24 h
at 120 °C, and annealed at 150 °C for 48 h. Samples were
prepared by compression molding at 150 °C for subsequent
oscillatory shear and steady shear experiments.

SAXS-Rheology. Simultaneous SAXS-steady shear ex-
periments were performed on beam line 16.1 of the Synchro-
tron Radiation Source (SRS) at the Daresbury Laboratory,
Warrington, U.K. A Rheometrics Solids analyzer (RSAII) with
shear sandwich geometry was put into the beamline to
measure the stress-strain response during steady shear
deformation. To allow for in situ scattering along the neutral
direction, special shear-sandwich fixtures were constructed so
that the sample is rotated 90° relative to the standard RSAII
configuration. The sample dimensions were 12 × 1 × 4 mm3
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along the (1) velocity, (2) velocity-gradient, and (3) neutral
directions. A RAPID area detector with 1 µs time resolution
was located 3 m from the sample to monitor scattering in the
1*-2* plane.

Large-amplitude oscillatory shear (LAOS) was used to
prealign SEP(38-62) and SEP(39-24) into a predominately
parallel orientation as follows: (a) SEP(38-62): 1 rad/s, 180
°C, γ ) 20% for 20 min, then γ ) 40% for 50 min; (b) SEP-
(39-24): 1 rad/s, 180 °C, γ ) 40% for 30 min. SEP(111-83) was
highly oriented after compression molding; therefore, no
prealignment procedure was applied. After annealing the
samples for 40-50 min, 30 1-s SAXS patterns were collected
sequentially that define the reference state for each specimen.
Steady shear experiments were then conducted on each
specimen at three shear rates (0.001, 0.01, and 0.1 s-1) to a
total strain of 60% in the forward direction. SAXS patterns
with either 0.5 s (for 0.1 s-1) or 1 s (0.01 and 0.001 s-1)
collection times and 10 µs (for 0.01 and 0.1 s-1) or 5 s (for 0.001
s-1) intervals between collections were recorded in situ during
each steady shear experiment. Therefore, the strain resolutions
between two consecutive SAXS patterns for the three shear
rates are 0.6% (for 0.001 s-1), 1% (for 0.01 s-1), and 5% (for
0.1 s-1). Quiescent anneal was conducted in between each
constant shear rate experiment to allow sufficient recovery of
lamellar spacings. New reference states were collected after
these quiescent anneal and just before the next shear defor-
mation.

Results
The SAXS patterns of the starting states of all three

materials show highly anisotropic scattered intensity
distribution, with maximum intensities centered at zero
azimuthal angle (µ ) 0) (parallel to the film normal)
that indicate predominately parallel orientations in
these materials. This predominately parallel orientation
was maintained during subsequent shearing experi-
ments, with no substantial changes in the intensity
distribution along the arcs following each steady shear/
anneal cycle.

Figure 1 shows three plots of integrated scattered
intensity as a function of scattering vector q for SEP-
(111-83), SEP(38-62), and SEP(39-24) before steady
shear. The integration was taken along the q vector over
azimuthal angles of µ ) -10° to µ ) 10°, using a data
analysis program from Daresbury Laboratory. Multiple
orders of reflections are clearly observed in these
quiescent patterns and the subsequent patterns col-
lected during steady shear deformation. The positional
ratios of these reflections all correspond to a lamellar
morphology, as expected. For example, SEP(39-24)
exhibits six orders of reflections, with positional ratios
of 1:2:3:4:5:6:7 that clearly corresponds to a lamellar
structure. SEP(38-62) and SEP(111-83) also exhibit a
lamellar structure. However, the third- and sixth-order
reflections in SEP(38-62) and the second- and fourth-
order reflections in SEP(111-83) are weak, due to
minima in the form factors for 38% and 52% styrene
composition in SEP(38-62) and SEP(111-83), respec-
tively.

We calculated the lamellar spacing both before steady
shear and at different strain amplitudes during steady
shear. Two (for 0.1 s-1) or five (for 0.01 and 0.001 s-1)
consecutive SAXS patterns were added to obtain suf-
ficient intensity to resolve higher order reflections. This
resulted in strain resolutions of 3%, 5%, and 10%
between consecutive combined SAXS patterns for the
shear rates of 0.001, 0.01, and 0.1 s-1, respectively. After
background subtraction and Gaussian fitting to the
multiple orders of reflections in each combined SAXS
pattern, a linear regression method was used to deter-
mine the lamellar spacing (D). These lamellar spacings

at different strain amplitudes were then normalized by
the lamellar spacing at zero strain (referred to as the
reference state) for each shear rate to give the relative
layer spacing, D/D0, as a function of strain amplitude.
As the relative layer spacing decreases, the relative
lamellar contraction, 1 - D/D0, increases.

Figure 2 shows the relative lamellar spacing (D/D0)
as a function of the macroscopic strain (γ) for the three
copolymers. The reference lamellar periods, D0, for SEP-
(39-24), SEP(38-62), and SEP(111-83) are ∼45, 70, and
112 nm, respectively, and correspond to the lamellar
spacings at zero strain (before steady shear experiment)
for each shear rate. The relative lamellar spacing
decreases (or the lamellar contraction increases) with
increasing macroscopic strain in all three materials at
all shear rates, though to different degrees.

Plotted with the same range of D/D0 (from 0.9 to 1),
the measured lamellar spacing shows a strong depen-
dence on the block copolymer molecular weight; that is,
the relative lamellar contraction increases with increas-
ing molecular weight of the copolymer. For example, at
γ ) 60% and 0.1 s-1, the relative lamellar contraction
in the lowest molecular weight SEP(39-24) is <1%
(Figure 2c), whereas in the highest molecular weight
SEP(111-83), an ∼8% contraction is observed (Figure
2a). Lamellar contraction increases with increasing
shear rate as well, from 1% at 0.001 s-1 to ∼8% at 0.1
s-1 for SEP(111-83).

The simultaneous stress-strain response of the three
block copolymers during each steady shear experiment
is shown in Figure 3; note the different stress scales
along the y-axis. Nonlinear deformation behaviors are
observed at large strains. The stress first shows a sharp
and almost linear increase with strain, corresponding

Figure 1. SAXS intensity, I, as a function of scattering vector,
q, for (a) SEP(111-83), (b) SEP(38-62), and (c) SEP(39-24), prior
to steady shear at 180 °C. The numbers above the peaks
represent the nth order reflections. The positional ratios of
these reflections all correspond to a lamellar morphology. The
first-order reflections in both SEP(111-83) and SEP(38-62) are
blocked by the beam stop. The even-order reflections in SEP-
(111-83) and the third- and sixth-order reflections in SEP(38-
62) coincide with minima in the form factors for 52% and 38%
styrene composition, respectively.
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to the linear viscoelastic deformation regime, followed
by transition to a slower increase with strain, especially
evident for SEP(39-24), indicating the onset of plastic
deformation. The shear stress increases with shear
strain in all three materials and grows more rapidly in
higher molecular weight copolymers. For example, the
maximum shear stress (γ ) 60% and 0.1 s-1) for SEP-
(111-83) is nearly 2 orders of magnitude larger than that
of the lowest molecular weight SEP(39-24) at the same
shearing conditions. Similarly, the shear stress in-
creases with shear rate as well. The maximum shear
stress in SEP(39-24) at the highest shear rate, 0.1 s-1,
is more than an order of magnitude higher than that
at the lowest shear rate, 0.001 s-1.

Before moving on to the discussion, we briefly exam-
ine lamellar contraction in a fixed gap experiment. For
perfectly parallel lamellae to contract in a fixed gap
condition, chains would have to be exchanged between
lamellae, which is rather unlikely at the shear rates of
our experiments.14 Alternatively, Williams and Mac-
Kintosh predict the loss of the parallel orientation above
some critical stress through undulation of lamellae
along the direction perpendicular to both the shear and
shear gradient direction (i.e., along the neutral dirction)
to realize layer contraction in a fixed gap condition.3 Our
experiments cannot evaluate this and similar predic-

tions, because our SAXS geometry only allowed us to
monitor orientation distribution parallel to shear and
shear gradient direction. Furthermore, as described
above and previously, the starting states in our shearing
experiments do not possess perfect parallel alignment.
The presence of defects, particularly line defects, in our
predominately parallel starting state is well documented
and contributes to the distribution of orientation.11,15

(Some of these defects might evolve with shear into kink
band defects although it is not the case in this
study.11,15-17) Preexisting defects could also facilitate the
adaptation of lamellae to layer contraction due to elastic
chain distortions in a fixed gap experiment.

Discussion

Lamellae contract as a function of shear strain during
steady shear and the amount of this contraction strongly
depends on both the block copolymer molecular weight
and the rate of deformation. The larger the molecular
weight and/or the shear rate, the greater the lamellar
contraction in the parallel lamellae. We now discuss
lamellar contraction in terms of the elastic chain distor-
tion within lamellae.

Figure 2. Relative lamellar spacing, D/D0, as a function of
shear strain, γ (%), during steady shear at 180 °C: (a) SEP-
(111-83), (b) SEP(38-62), and (c) SEP(39-24). Data at three
shear rates are shown as (O) for 0.001 s-1, (]) for 0.01 s-1,
and (4) for 0.1 s-1.

Figure 3. Stress-strain response of three copolymers, (a)
SEP(111-83), (b) SEP(38-62), and (c) SEP(39-24), measured
during steady shear at 180 °C at three shear rates, 0.001, 0.01,
and 0.1 s-1. Note that the stress scales vary considerably
between the three plots.
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A theoretical study conducted by Williams and Mac-
Kintosh addressed the effects of shear deformation on
the lamellar spacing in diblock copolymer melts.3 Focus-
ing on diblock copolymers in the strong segregation
limit, and a deformation rate much faster compared to
the rate of chain diffusion (exchange chains between
layers), they predicted lamellar contraction under shear
as a result of minimizing the equilibrium free energy,
including the interfacial free energy and stretching
energy.3 According to their theory, shear induces elastic
distortions of the polymer chains, namely chain tilting
and stretching, which tend to increase the stretching
energy of the system. To reduce the stretching-induced
increase in the free energy, the lamellar spacing should
decrease. The extent of distortion is measured by the
inclination angle of the chains, that is, the strain.2,4 The
larger the shear strain, the more tilting and stretching
of the chains and the more contraction in the layer
spacing. The observed strain dependence of the relative
contraction in our study (Figure 2) is consistent with
their prediction; that is, lamellar contraction increases
with the applied macroscopic strain.

In addition, we found that lamellar contraction during
shear strain also increases with the molecular weight
of the block copolymers and the rate of shear. One of
the important assumptions in Williams and MacKin-
tosh’s theory is uniform stress and strain perpendicular
to the parallel lamellae. This is the assumption of linear
elastic behavior. As they noted, at larger stresses where
interlayer sliding might occur, nonlinear and/or vis-
coelastic deformation might lead to nonuniform strain
profiles across the lamellae. We will now consider the
correlation between the interpenetration zone and the
shear rate and molecular weight dependence of lamellar
contraction.

Previous studies have shown that the rheological
behaviors of diblock copolymers under shear are closely
related to the presence of a narrow interpenetration
zone between like-polymer brushes within micro-
domains.1,4 The interpenetration zone helps transmit
stress across the lamellae as well as dissipate the shear
strain through sliding chains against the opposite
chains. After applying a step strain, chains tilt through
some inclination angle relative to their original orienta-
tion.4 To relax this distortion, chains from opposite
brushes move in the opposite direction, creating a
significant frictional force in the interpenetration zone
that is the source of the shear stress. As the shear rate
increases, viscous strain dissipation in the interpenetra-
tion zone decreases, creating a larger degree of chain
distortion. Meanwhile, the friction force on chains
moving against the opposing brushes as a result of a
faster step strain increases. This description of the
interpenetration zone implies that both the shear stress
and chain distortion (thus lamellar contraction) in-
creases as the strain rate increases, as we observed.

The stretching of chains due to higher shear rates also
leads to conformation fluctuations and chains tend to
reduce these fluctuations through decreasing the extent
of interpenetration or entanglement.2,4,6 It eventually
will reduce the size of the interpenetration zones at
large shear rates, leading to a decrease in the sliding
viscosity. At sufficiently high shear rates where disen-
tanglement occurs, two different scenarios have been
suggested. Joanny2 predicted a discontinuous jump of
viscosity at some critical shear rate where disentangle-
ment occurs, whereas Semenov4 suggested a smooth
power-law decrease of the shear viscosity throughout
the nonlinear regime, a gradual shear-thinning process.

Because we investigated a limited range of shear rates,
we cannot distinguish which disentanglement process
occurs in our materials.

The molecular weight dependence of lamellar con-
traction can be explained similarly in terms of chain
distortion and its dependence on the interpenetration
zone. Previous studies considered the viscous nature of
lamellar block copolymers and have shown that en-
tanglement in the interpenetration zone significantly
increases the stress relaxation time as well as overall
viscosity of lamellar block copolymers.1,2 Following the
approach of Witten, Leibler, and Pincus,1 we estimate
the molecular weights within the interpenetration zones
(Mint) of the PS and PEP microdomains for the three
copolymers (Table 1). For comparison, we compare these
molecular weights with the entanglement molecular
weights, Me, for the PS and PEP homopolymers (17 300
and 1660 g/mol, respectively),15 although Me is expected
to be larger in block copolymer melts due to chain
stretching. The number of entanglements within each
interpenetration zone is simply Mint/Me. As shown in
Table 1, with increasing molecular weight, the inter-
penetration zones within the PS microdomains change
from unentangled in SEP(39-24) and SEP(38-62)
(Mint/Me < 1) to slightly entangled in SEP(111-83)
(Mint/Me ∼ 2), whereas the interpenetration zones within
the PEP domains are more entangled with the number
of entanglements increasing with increasing molecular
weight. An increase in the molecular weight leads to a
higher friction force in the entangled interpenetration
zones under shear, therefore leading to an increase in
the overall shear stress as well as the degree of chain
distortion. This calculation of the extent of entangle-
ment further explains the correlation between the
observed stress response and lamellar contraction in
these diblock copolymer lamellae.

Semonov considered the elastic nature of block co-
polymer chains and reached similar conclusions. He
suggested two main sources of chain elasticity:4 one is
elasticity due to deformation of the entanglement
network (if block copolymer chains are entangled), and
the other is due to additional stretching of the chains
from conformation fluctuations. In cases where entangle-
ments are not important, that is, the number of links/
chains in the interpenetration zone is much less than
the number of links between entanglements (Mint , Me),
elasticity is mainly due to the linear stretching of chains
normal to the lamellae surface. As the molecular weight
of the block copolymer increases to become well en-
tangled within the interpenetration zone, deformation
of the entangled network contributes significantly to the
elasticity, as in the case of our higher molecular weight
SEP block copolymers. In this case, the chain elasticity
(or elastic modulus) increases as a result of increasing
molecular weight, due to the deformation of increasingly
entangled network.4 This also leads to higher shear
stress, as shown in Figure 3, and therefore more chain
distortion and lamellar contraction.

Table 1. Molecular Weight (Mint) and the Number of
Entanglements (Mint/Me) within the Interpenetration
Zones of PS and PEP Microdomains, Where Me Is the

Molecular Weight between Entanglements for
Homopolymers as Follows: Me,PS ∼ 17.3 kg/mol and

Me,PEP ∼ 1.7 kg/mol

Mint (kg/mol) Mint/Me

PS block PEP block PS block PEP block

SEP(39-24) 14.2 8.4 <1 ∼4
SEP(38-62) 14.6 16.5 <1 ∼9
SEP(111-83) 33.8 22.8 ∼2 ∼13
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It is convenient to employ the definition of the
Deborah number, De, to qualitatively describe our
lamellar contraction results. The Deborah number is
often used in dynamic mechanical analysis to compare
and predict viscoelastic behaviors in polymers.18 The
definition of De is as follows:

where λ is the time scale of the material’s response (or
the relaxation time) while t is the time scale of the
applied deformation, such as the inverse of the test
frequency. The larger De, the more elastic the polymer
chains behave whereas decreasing De makes the mate-
rial more viscous. For block copolymers under shear, we
propose the following approximation for De:

in which γ′ is the macroscopic shear rate and ωx is the
crossover frequency below which chain relaxation oc-
curs. The crossover frequency (G′(ωx) ) G′′(ωx)) de-
creases with increasing molecular weight, from ∼0.2
rad/s for SEP(39-24) to ,0.001 rad/s for SEP(111-83).
It is evident that increasing either the shear rate γ′ or
the molecular weight will increase De. Thus, as the
shear rate or molecular weight increases, the elastic
distortion of the chains in response to shear increases,
which leads to larger lamellar contraction. The De
captures qualitatively our result that lamellar contrac-
tion increases with strain rate and/or block copolymer
molecular weight.

The shear rate and molecular weight dependence of
lamellar contraction as well as the simultaneous stress-
strain response indicate strong correlation between
lamellar contraction and macroscopic shear stress and
strain. The stronger the deformation, measured through
either an increase in shear stress or strain, the higher
the degree of molecular tilting and stretching and
therefore the larger the layer contraction. We plot the
relative lamellar contraction as a function of the applied
shear stress (Figure 4) by using the data in Figures 2
and 3 that provide D/D0 and shear stress as a function
of shear strain. The data from three molecular weights
and three shear rates follow a common trend. This direct
correlation between the shear stress and lamellar
contraction is in qualitative agreement with Williams
and MacKintosh’s prediction (eq 10 in ref 3). Quantita-

tive agreement between their eq 10 and our data is not
achieved due to the complex shear rate and molecular
weight dependence of the modulus in these materials.
However, the conclusion that the observed lamellar
contraction depends more strongly on the macroscopic
shear stress than shear strain is unifying. The macro-
scopic shear stress determines the strength of deforma-
tion, and therefore the extent of chain distortion, which
is manifested through layer contraction. Excessive
stress leads to excessive contraction and might even lead
to melt fracture due to increasing distortion or undula-
tion of lamellae.

Conclusion

This study has investigated lamellar contraction in
SEP diblock copolymers under shear. Lamellar contrac-
tion, due to the elastic chain distortion, namely tilting
and stretching during shear deformation, has a strong
dependence on both the molecular weight of the copoly-
mers and the rate of deformation. The shear rate
dependence of contraction is discussed in terms of
friction force and its correlation with the interpenetra-
tion zone within block copolymer lamellae. The molec-
ular weight effect on lamellar contraction is closely
related to the increasing degree of entanglement in the
interpenetration zone and therefore a larger friction
force as well as more chain distortion. We found a direct
correlation between lamellar contraction and the applied
shear stress, indicating that the stress (rather than
strain) determines the strength of deformation, and
thereby the extent of molecular chain distortion, or
lamellar contraction.
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Figure 4. Relative lamellar spacing, D/D0, as a function of
macroscopic shear stress, σ, during steady shear at 180 °C for
three copolymers, SEP(111-83), SEP(38-62), SEP(39-24), at
three shear rates, 0.1, 0.01, and 0.001 s-1, represented by the
same symbol (O), showing that all the data follow the same
trend.

De ) λ/t

De ∼ γ′/ωx
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