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ABSTRACT: The effect of steady shear flow on the morphology and rheology of two lamellae-forming
polystyrene-block-polybutadiene-block-poly(methyl methacrylate) copolymer solutions has been studied using
time-resolved Rheo-SAXS experiments. The main effect of shear flow is to reversibly align the ordered lamellae
in perpendicular orientation with long-range order at low shear rates and in parallel orientation at high shear
rates. The crossover from low to high shear rates behavior occurs at γ̇c ≈ τ-1, where τ is the single chain relaxation
time. Both orientations coexist in the vicinity of γ̇c without any apparent drift toward a well-defined state. Whereas
a high degree of perpendicular alignment is achieved at low shear rates, the parallel alignment above γ̇c is highly
defective, and it is progressively destroyed by the flow. Upon flow cessation, the fraction of disordered material
rearranges into lamellae in transverse alignment. These results highlight the specificity of strong shear flows with
respect to oscillatory shear flows commonly used to align block copolymers and of ABC mesophases with respect
to other block copolymers mesophases.

I. Introduction

Block copolymers exhibit complex dynamics when subjected
to external mechanical fields. Shear flows can cause microphase-
separated block copolymers to align in large domains with long-
range translational order and various orientations depending on
the experimental conditions. The behavior of block copolymers
under flow is fundamental to the design and the processing of
these materials. When a high degree of flow alignment can be
achieved, it is possible to fabricate highly organized anisotropic
materials with interesting properties that have numerous po-
tential applications in conventional and advanced technologies.
Moreover, since the resistance to flow strongly depends on the
orientation of the microstructure with respect to the axis of
deformation, the coupling between flow and microstructure
greatly influences the linear and nonlinear rheology of block
copolymers.

In past years the behavior of lamellar block copolymers has
stimulated a lot of work. Many studies have focused on diblock
copolymer melts under large-amplitude oscillatory shear flows.
Two main orientations have been identified: (1) the perpen-
dicular orientation where the normal to the lamellae is oriented
along the shear gradient (Figure 1a); (2) the parallel orientation
where the normal is along the vorticity direction (Figure 1b).
The selection of one particular orientation depends primarily
on the frequency ω of the oscillatory strain. Three frequency
regimes have been identified and conceptualized.1–5 These
regimes are separated by the characteristic frequencies ωd and
ωc. ωc is of the order of the inverse of a single chain relaxation
time. ωd is a characteristic frequency associated with the
relaxation of defects between microdomains. In the low- and
high-frequency regimes (ω < ωd and ω > ωc), shearing leads
to parallel orientation, whereas in the intermediate frequency
regime (ωd < ω < ωc) the shear stable alignment is perpen-
dicular. A third possible orientation, the transverse orientation
where the normal is oriented along the velocity direction (Figure

1c), has been reported. It generally occurs in combination with
other orientations during transient states5–7 and/or in the presence
of specific defects like kink bands.8,9 In one situation, where
the chain dynamics was dominated by the presence of entangle-
ments, pure transverse alignment has been reported.10

For a given diblock copolymer not all orientations are
systematically observed. Experimentally, the selection of a
particular state of orientation is a complex process that involves
the interplay of many parameters. Chain distortions and mo-
lecular relaxations play a central role in the development of
parallel alignment at high frequencies.11 A large contrast in the
viscoelastic properties of the blocks also favors the parallel
orientation since in it the strain is localized in the softer blocks,
which lowers the overall stress.1,3,12 The thermomechanical
history of the copolymer also plays an important role. Parallel
orientation is achieved at low frequency only when the melt is
annealed at temperature below the order-disorder temperature
(TODT) before shearing.13 In the same vein, shearing as the melt
is cooled from above TODT systematically leads to uniform
perpendicular alignment, while parallel alignment is preferred
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Figure 1. Three possible states of macroscopic alignment of lamellae
under shear flow in a Couette cell. The velocity direction (Vb) and the
shear gradient direction (∇Vb) are parallel and normal to the walls,
respectively; the vorticity (ωb) direction is along the axis of rotation.
(a) Perpendicular alignment: the layers are perpendicular to the walls.
(b) Parallel alignment: the layers are parallel to the walls. (c) Transverse
direction: the normal to the layers is along the velocity direction. (d)
Relative arrangement of the SAXS beam and of the Couette cell
showing the radial (1) and tangential configurations (2).
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