
Flow-induced alignment of lamellar block
copolymer melts

Zhong-Ren Chen and Julia A. Kornfield*
Chemical Engineering 210-41, California Institute of Technology, Pasadena, CA 91125,
USA
(Received 18 December 1997; revised 14 January 1998; accepted 14 January 1998)

Toward the integrated synthesis and processing of functional block copolymer nanostructures, the physics of flow-
induced alignment of block copolymers must be understood to predict the direction, rate and degree of alignment.
In this review we focus on key issues regarding flow-induced alignment of lamellae. A three-dimensional mapping
summarizes previous results on the selection of alignment directions (parallel or perpendicular) and their
pathways in terms of three dimensionless parameters: frequency, temperature and strain amplitude. Trajectories,
kinetics and structural evolution are explored in a fourth dimension (time). The challenge of developing adequate
experimental methods for monitoring transient structure is discussed. A comprehensive experimental approach,
which combinesin-situ rheo-optical measurements andex-situstructural characterization by electron microscopy
and X-ray scattering, is presented as a new tool for tracking changes of microstructure and orientation during flow-
induced alignment. Various mechanisms that have been proposed over the past two decades are reviewed and
re-evaluated based on recent experimental results. Outstanding questions and new issues raised by ABC triblock
copolymer nanstructures are discussed.q 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Nanostructural engineering represents a new avenue for
improving the performance of materials such as metals1,
polymers2–4, ceramics5 and those beyond traditional
classification6–8. Advances in understanding the chemistry
and physics of materials provide the tools for synthesis and
structural manipulation1–10. Without altering the chemical
composition, introduction of the desired microstructure can
enhance or even create outstanding properties from a
traditional material. Self-assembly, among other
approaches, provides a versatile means to create desired
nanostructures in bulk materials or at interfaces, with
potential applications in biomaterials6,10,11, optics12 and
microelectronics13. This review deals with a particular class
of self-assembled materials, block copolymers, that offer
control of the form and size of their local nanostructure by
design of the macromolecular architecture3,9,10,14–20. These
polymers are also amenable to producing materials in which
the local structure can be aligned over macroscopic
dimensions and the number of defects in the local structure
can be drastically reduced through processing21. The
dynamics of macroscopic alignment are critical in tailoring
materials’ structure and properties and is the focus of the
present review.

Block copolymers (BCPs) represent an important class of
microstructurally engineered materials in large part because
their morphology and dynamics can be systematically
controlled by choosing the blocks’ compositions and
relative lengths14–30. For example, diblock copolymers
consisting of two flexible but chemically different segments
can form cubic arrays of spheres, hexagonal arrays of

cylinders, bicontinuous cubic phases or lamellae, depending
on the relative lengths of the blocks20. Self-assembly of
block copolymers can be combined with the orientational
ordering tendencies of liquid crystalline polymers (LCP) by
synthesizing polymers in which at least one block is an
LCP27,28,31. For rod–coil diblock copolymers, interesting
zigzag and arrowhead morphologies have been observed27.
Greater diversity in the form of the nanostructure can be
achieved by connecting three distinct blocks to form ABC
triblock copolymers, which assemble such sophisticated
structures as helical strands surrounding cylinders in a
continuous matrix14–16. Confinement within the self-
assembled nanostructure of a block copolymer can be
used to affect further structure development within it, such
as the subsequent crystallization of one of the blocks29.
Similarly, the form of the BCP nanostructure can be used as
a template for the synthesis of a solid by polymerization of
an epoxy30 or by controlled nucleation and growth of
inorganic particles32.

Self-assembly of BCPs typically leads to local order. This
local order can be extended to the macroscale by processing
using applied fields to achieve directional properties, such
as transport, optical and electrical properties. Recently, in a
diblock copolymer consisting of polystyrene and a side-
chain ferroelectric liquid crystalline polymer, bistable
ferroelectric switching was detected in an aligned lamellar
material, though there is no ferroelectric response without
orientation28. Symmetry-breaking fields, such as flow
and electric fields have been used to induce align-
ment2,21–26,33–65. Flow provides an efficient and versatile
means of achieving global alignment, as demonstrated by
materials subjected to extrusion24, oscillatory and steady
shear25,26,39–63, extensional flow64 and roll-casting65.
Further, the alignment direction of lamellae may switch
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by 908 with a small change in processing conditions39. This
‘flipping’ phenomenon may ultimately provide responsive,
switchable material properties.

The physical basis of the effects of molecular architecture
and processing conditions must be understood for the
integrated synthesis and processing of functional materials
based on aligned block copolymer nanostructures. For
example, which type of flow is the the most effective in
inducing global order? Which parameters control the
direction, rate and perfection of alignment for a specific
type of block copolymer? How do we design a block
copolymer so that directional properties can be achieved by
convenient processing conditions? To address these critical
issues, investigations are underway to determine the effect
of flow conditions and macromolecular characteristics
on the direction2,39–50,63, rate49,51,63 and mechan-
isms2,25,26,35,39,47,55,63that lead to macroscale order. Scat-
tering, microscopy and rheo-optical methods are used to
characterize the form and orientation distribution of these
nanostructures under shear. Unfortunately, any one of these
methods alone cannot provide all of the necessary structural
information. Scattering does not provide adequate time
resolution, microscopic methods such as TEM are notin-
situ methods and rheo-optical methods are not capable of
capturing detailed structural information. A combination of
real-time rheo-optical methods withex-situ structural
characterization using both SAXS and TEM has provided
new insight into the physics of alignment, establishing a
framework for understanding much of the alignment
behaviour of lamellar BCPs2,63.

This review focuses on recent progress in the physics of
flow-induced alignment in lamellar block copolymers. Only
oscillatory shear is discussed, since it permits systematic
investigation of the coupled effects of the rate and amplitude
of deformation in relation to the relaxation dynamics of the
self-assembled nanostructure. The extensive body of
experimental results on the dynamics of lamellar systems
in particular permits a critical evaluation of the concepts
that have been put forward to explain their alignment
behaviour. Comprehensive reviews are available for general
aspects of the thermodynamics20 and dynamics21,22of block
copolymer melts and solutions. The present article is
divided into five sections: (1) basic concepts regarding the
direction and types of lamellar alignment, conditions that
induce each type of alignment and their relationship to the
intrinsic dynamical properties of BCPs; (2) experimental
approaches to test these basic concepts; (3) distinct
alignment trajectories, their kinetics and the evolution of
structure during the alignment process; (4) mechanisms of
flow-induced alignment; and (5) the effects of different
polymer architectures on flow behaviour. The fundamental
physics of alignment discussed in the first four sections is
based mainly on investigations of polystyrene–polyiso-
prene (PS–PI) diblock copolymers, since this model system
is suitable to almost all types of experimental methods,
including rheo-optical, X-ray and neutron scattering, and
transmission electron microscopy, and has been studied
most intensively. Among the effects of polymer architec-
ture, particular attention is given to ABC triblock copoly-
mers, since they are able to form complex and interesting
nanostructures. To close, we highlight the implications of
current work and offer some suggestions for future studies.

BASIC CONCEPTS OF FLOW-INDUCED ALIGNMENT

Large amplitude oscillatory shear (LAOS) can produce

either ‘parallel’ or ‘perpendicular’ alignment in a nearly
symmetric poly(ethylene-propylene)–poly(ethylethylene)
(PEP–PEE) (Figure 1) and PEP–PEE-type BCPs (such as
PEP–PE)39,40,46. This ‘flipping’ phenomenon is also observed
in PS–PI and other PS–PI-type BCPs (styrene–diene
BCPs and their hydrogenated counterparts)2,39–50,63. To
explain the observed frequency-dependent alignment beha-
viour, two characteristic frequencies have been proposed:
the frequency above which the distortion of chain
conformation dominates the materials’ viscoelasticity
(qc9)

46,47,49,66–69; and the frequency below which the
relaxation of domains becomes significant (qd). Between
qc9 andqd the distortion of the nanostructure dominates the
viscoelastic response of the material.

Four frequency regimes have been found, and different
types of alignment dominate in each regime. Perpendicular
alignment may be induced by shearing at frequencies that
couple with the dynamics of the nanostructure, i.e.
frequencies too fast for domain-scale relaxation, but slow
enough that chain conformation is relaxedqd , q , qc9
(Regime I). Two regimes exist at higher frequenciesq . qc9
that are associated with parallel alignment, but through two
qualitatively different pathways. At frequencies slightly
aboveqc9, parallel alignment occurs through a transient
orientation distribution that consists of parallel and
perpendicular orientations and the range of orientations
between the two (Regime II:qc9 , q , 103 qc9). Frequen-
cies far aboveqc9 can also induce parallel alignment, but
through bimodal distributions rich in parallel and transverse
orientations (Regime III:q . 103 qc9). At low frequencies
(Regime IV: q , qd) the alignment direction tends to be
parallel in some systems (e.g. PEP–PEE-type)39,40,46 and
perpendicular in others2,41,42,44,47,49,50,63(such as PS–PI-
type, except following a specific thermal treatment:
prolonged annealing close to the BCPs’ upper glass
transition48,55,56). Within each regime, strain amplitude
affects the rate and degree of alignment, and the direction of
alignment; strain amplitude can even alter the direction of
alignment, particularly if the frequency is in the vicinity of
the boundary between Regimes I and II50 and perhaps near
the boundary between Regimes IV and I58. The complex
interplay of temperature, frequency and strain amplitude
can be represented using a three-dimensional mapping
(Figure 1). Rich information on the way alignment occurs is
manifested in the additional dimension of time. Within a
given frequency regime (Regime I, II or III),* the time
evolution of microstructures follows a particular type of
trajectory49,50. For each trajectory, the initial fast process is
responsible for the selective creation of layers, while the
later slow process is responsible for selective elimination of
all orientations but one, and leads to the final unidirectional,
single-crystal-like structure63.

Theoretical explanations of the alignment regimes focus
on the relative stability of distinct well-aligned states. The
transverse alignment is most unstable, since the equilibrium
spacing is disturbed by shearing. Fluctuations on a layered
structure can couple to shear if the lamellae are in the
parallel orientation, making this alignment less stable than
perpendicular33,34. However, the effect of fluctuations will
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* There is one family of trajectories in Regime IV that remains to be
investigated in the future: the route to parallel alignment at very low fre-
quencies,q , qd. This regime has been studied by rheo-optical techniques
in PEP–PEE-2, but this sytem is not amenable to transmission electron
microscopy. In PS–PI, this regime is not accessible without a prolonged
annealing treatment.56



be confined to frequencies fast enough that the fluctuations
are not averaged out (q . qd) and slow enough that
distortion of the nanostructure is not overwhelmed by
more local responses, such as conformational distortion of
the polymer chains (q , qc9). These concepts are in accord
with the observation that perpendicular alignment is
induced by deformation frequencies at which the dynamics
are dominated by the layered nanostructure (qd , q , qc9,

‘lamellar regime’) (Figure 2) and at temperatures in
proximity to the the order–disorder transition temperature
(ODT)39. Parallel alignment is predicted to be more stable
than perpendicular below a critical frequency controlled by
the characteristic lifetime of fluctuations (q , qd)

33. These
arguments can describe the experimentally observed
behaviour of the PEP–PEE system39.

In order to explain parallel alignment at higher frequencies
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Figure 1 Three-dimensional mapping of LAOS flow-induced alignment regimes in terms of temperature, frequency and strain amplitude. The third
dimension (strain amplitude) is shown inside the symbols using the scale indicated in the upper right corner: the strain amplitude used is indicated by the
orientation of the mark within the symbol; a solid wedge indicates the range and strain amplitudes. Results on PS–PI are shown as circles49,50,63,72, ellipses41,47

and modulated ellipses48,56,58(those with a thick line represent annealed samples). Rectangular arrowheads represent PEP–PEE results39,46. Dimensionless
frequencies are computed usingqc9 based on the storage modulus method (Figure 2a) wherever possible41,47,49,50,63,72. The range ofqd/qc9 indicated is based
on values given by Koppiet al. 39 and Wiesneret al.48,55,56



(q . qc9) for PS–PI and other similar systems, the concept
of viscoelastic contrast has been introduced47. At frequen-
cies faster than the conformational relaxation of the chains
(q . qc9), the deformation couples to more local dynamics,
and differences between the types of layers in the ordered
structure can be probed. If there is considerable
difference in the mechanical properties of the two types
of layers (such as with PS–PI), the modulus of the
parallel state is lower than that of the perpendicular state,
and this may explain the selection of parallel alignment.
Thus, three frequency regimes have been identified:q , qd

where parallel alignment can be induced,qd , q , qc9
where perpendicular alignment can be induced, andqc9 , q
where parallel alignment can be induced in lamellar arrays
in which the layers have dissimilar viscoelastic properties.

These concepts regarding the relative stability of
monodomains have provided a valuable guide to experi-
ment. They explain three frequency regimes based on the
final alignment direction. But concepts that deal with
differently oriented monodomains are not sufficient to
clarify the mechanisms of alignment. This is illustrated by
the existence of at least two qualitatively different routes to
the same final state, e.g. parallel atq . qc9.

To understand pathways to alignment, concepts regarding
the mechanisms of orientation selection and defect
dynamics have been put forward since the early 1970s. In
the early work of Keller and Hadziioannou, the concepts of
grain rotation, anisotropic viscoelasticity, selective melting
and defect migration have been considered24,25. The
selective melting hypothesis has taken on a special role in
explaining the development of perpendicular alignment
under conditions close to the ODT39. It has also been

suggested that two or more mechanisms may act in
combination to produce alignment25,26,41. However,in-situ
information was not available to examine the validity and
relative importance of these ideas. Further, these concepts
need to be made more specific in order to assist theoretical
advances. For example, what type of defects dominate?
Does the answer depend on flow conditions (q, T)? Does the
relative importance of different types of defects change as
the system moves through the alignment process?

To answer these questions, developing appropriate experi-
mental methods to characterize the transient structure is
crucial. In addition, methods of determining the characteristic
frequenciesqc9 andqd are needed to test theories regarding
the frequency regimes that lead to particular alignment.
Therefore, before we review recent progress in understanding
the nature and kinetics of alignment processes, we first discuss
the experimental tools that exist and their current limitations.

EXPERIMENTAL NEEDS AND APPROACHES

Our discussion of the experimental approaches used to test
the basic concepts of flow-induced alignment begins with
methods of determiningqc9 andqd using melt rheology and
optical rheometry. As has been pointed out,qc9 appears to
define one of the key boundaries, between Regimes I and II;
qd may be related to the relaxation of domains and may
define the boundary between Regimes IV and I. The
evolution of structure during shearing provides direct
information on the mechanisms of alignment, so experi-
mental approaches to characterizing the time evolution of
structures under shear will be addressed. We close this
section by commenting briefly on the characterization of
well-aligned states.

Determination of characteristic frequencies
Developing robust, reproducible and precise experi-

mental methods to determineqc9 and qd is of practical
importance in locating alignment behaviour in the fre-
quency spectrum for a given polymer. So far there is only
one method for determining the parameterqc9 that meets
these criteria. The storage modulus (G9(q)) of the ordered,
but unaligned state is compared with that of the disordered
material, andqc9 is determined as the frequency below
which the ordered state has a substantially larger modulus
than the disordered material (Figure 3a)47,66,70. At these low
frequencies the unaligned, ordered material usually has
G9(q) ~ q0.560.1 and the disordered material is in its terminal
region whereG9(q) ~ q2. The uncertainty in determining
qc9 is small, since it can be determined by the intercept of
lines with very different slopes in a log-log plot ofG9 versus
q47,66. This method can also be applied by comparing
ordered but partially aligned states to the disordered state;
similar values ofqc9 are obtained47, but the uncertainty is
somewhat larger, since alignment shifts the dynamic moduli
of the ordered material toward those of the disordered phase.
The method applies to diblocks of both PEP–PEE46,66and
PS–PI47,49,51,63types, ABA triblocks44,71, and even two-
nanophase-separated ABC triblocks72. There are some
limitations related to this method: it requires an accessible
ODT for the BCP and is valid only for a limited range of
molecular size. As molecular weight increases, extrapola-
tion is needed for some systems (Figure 3b)49,63. Since the
order–disorder transition temperatureTODT increases dra-
matically with the block copolymer length, chain relaxa-
tions become so fast in the disordered state that they can
move out of the experimentally accessible frequency range.
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Figure 2 Dynamic regimes of block copolymers: distortion of chain
conformation dominates the viscoelastic properties in the ‘polymeric
regime’ (q . qc); distortion of the ordered structure, here lamellae,
dominates in the ‘lamellar regime’ (qd , q , qc). At much lower
frequency there must exist a slow enough frequency that defects can
move and domains can respond (qd). The value ofqd and the dynamics that
dominate atq , qd are poorly understood. In the polymeric regime, the
heavy lines represent the dynamic moduli of both the disordered and
ordered, but unaligned, states. In the lamellar regime the ordered, but
unaligned, state has higher storage and loss moduli (bold lines) than the
disordered state (narrow lines). Diblocks with very smallXAB can be made
long enough to be well entangled (top) while still having accessible ODT
(e.g. PEP–PEE-type polymers). WhenXAB is larger, the length of the
diblock must be kept short to have an accessible ODT; such diblocks are
usually not entangled (bottom) (e.g. PS–PI-type polymers). These dynamic
regions appear to correspond to distinct alignment regimes (see text)



To overcome these limitations, Kannanet al.46 deter-
minedqc,so9 (very close toqc9) using a rheo-optical method.
For a block copolymer in which the intrinsic contribution
dominates the birefringence, the stress-optical rule holds
above a particular frequencyqc,so9. Above this frequency
distortion of chain conformation dominates both the stress
and birefringence. Thus,qc9 was identified without heating
the sample overTODT. However, this method is valid only
for polymers that have much greater intrinsic birefringence
than form birefringence, such as PEP–PEE. Further, the
measurements should be made in the ordered but unaligned
state, since shear-induced alignment shiftsqc,so9 to lower
frequencies. Reliable preparation of this ordered but
unaligned state requires an accessible ODT.

As to the other important frequencyqd, Koppi et al.39

evaluated it for PEP–PEE, using a perpendicularly aligned
sample and an unaligned sample, by measuring the storage
modulus in the shear plane (Gyz9). A small ‘bump’ in the
frequency dependence ofGyz9 of the perpendicularly
aligned sample was attributed to defect motions. Kannan
et al. noticed that the value ofqc,so0 was very close toqd

evaluated by Koppiet al.; thus, it may be possible to
estimateqd by rheo-optical methods as well. Although these
approaches provide a rough estimate ofqd, determination of
a meaningful value ofqd requires that it be measured for a
well-defined state. It is believed thatqd is controlled by
grain boundaries and defects39,46,68and is not an intrinsic

property; its value would depend on the domain size46,68,
since increasing the domain size could reduce this cut-off
frequency68. Thus, it is important that the condition for
characterizing the domain structure be highly reproducible.
This is readily achieved when all previous flow and thermal
history has been erased, i.e. using an unaligned sample
obtained by ordering in the absence of aligning field.
Alternatively, one might consider a final, well-aligned
structure as a potential reference state. However, in terms of
physical meaning, a measure of domain or defect dynamics
only makes sense for polydomain samples. A truly ‘well-
aligned’ material (see next section), while reproducible,
would not provide a meaningful value ofqd.

Progress is needed to overcome the limitations of the
existing methods of determiningqc9 and qd. Zhang
et al.48,55,56have suggested alternative methods of estimat-
ing qc and qd using the loss tangent (tand ¼ G0/G9) and
dynamic viscosity (h9 ¼ G0/q). They estimateqc andqd as
the upper and lower points in the tand versuslog q curve
between which tand has a loss peak (Figure 3c), or as the
upper and lower limits in the log–log plot ofh9 versusq
beyond whichh9 has a stronger dependence on frequency
(Figure 3d). These methods seem not to work for polymers
that are not entangled, such as a lamellar PS–PI with an
accessible ODT. For example, consider the application of
these methods to a PS–PI block copolymer that has a
molecular weight close to those used in most of the
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Figure 3 Various methods of determiningqc9 andqd from the melt rheology of block copolymers (see text for details). (a) Determination ofqc9 from G9(q)
is illustrated for a PS–PI (12.5K–9.5K) diblock copolymer47. (b) The same method for determiingeqc9 requires extrapolation for a PS–PI (10K–10K)63. (c)
The loss tangent method for estimatingqc andqd for a PS–PI (10K–10K) diblock copolymer. (d) The dynamic viscosity method for determiningq c andqd for
an unaligned PS–PI (10K–10K) diblock copolymer. Parts (c) and (d) use data at a single temperature to eliminate any uncertainty in time–temperature shifting.
The value ofqc9 shown is the same as in part (b)



literature (Figure 3b,c,d)2,41–44,47–51,54,56–58,63. This BCP
lacks an entanglement plateau, and it is impossible to locate
qc using the loss tangent, especially for the ordered but
unaligned state, since it is almost a flat line rather than a
curve (Figure 3c). Using h9(q), it is equally difficult to
determine qc (Figure 3d). For the two aligned states
(parallel and perpendicular), the values ofqc estimated
using these suggested methods vary with the alignment
direction (Figure 3d, qc, parallel. qc, perpendicular). A rough
estimate ofqd is made for a parallel aligned sample, since it
shows a hint of a loss peak; however, there is inherently a
large uncertainty, since there are no criteria for selecting a
particular frequency on the low frequency side of the loss
peak (Figure 3c) and the inflection inh9 is very slight. The
values ofqc9 extracted from these two methods (Figure 3cd)
are inconsistent with each other and differ significantly from
the value obtained with the well-defined method described
above (Figure 3b). As mentioned before,qc is an intrinsic
parameter and does not depend on the state of samples.
Indeed, almost the same value ofqc9 is obtained for
unaligned, parallel aligned and perpendicular aligned
samples when using the storage modulus method47. Thus,
the proposed methods of determiningqc based on the loss
tangent and dynamic viscosity are not as precise or robust as
the storage modulus method.

Flow-induced alignment trajectories below and aboveqc9
are well-defined (boundary between Regimes I and II in
Figure 1), since qc9 can be determined by the storage
modulus method; however, it is very difficult to locate
regimes based onqd (boundary between Regimes I and IV).
Parallel alignment has been observed for PEP–PEE type
diblocks atq , 0.033 qc9 (presumed to beq , qd), while
perpendicular alignment can still be induced at very low
frequency for PS–PI diblocks (as low as 0.00013
qc9)

47,49,51. Perhaps this is due to a difference between the
values ofqd/qc9 for the two systems, since their textures and
domain sizes might not be the same. Parallel alignment has
been reported in a lamellar PS–PI in the frequency range
0.013 qc , q , 0.13 qc, if the samples were pressed and
annealed prior to shearing56. However, parallel alignment
can be induced by pressing and annealing even without
subsequent shearing52,61,64,73.

In summary, the determination ofqc9 is straightforward
for samples with accessible ODT. Further improvements are
needed for methods of determiningqc9 when the ODT is not
accessible and of determiningqd in general.

Characterization of the time evolution of microstructure
A variety of experimental methods are used for

characterizing the evolution of structure during flow
alignment. The advantages and limitations of each method
are discussed here in terms of suitability forin-situ studies,
richness of the information that can be extracted and
possible artifacts. Electron microscopy, X-ray and neutron
scattering and rheo-optics will be the methods of interest.
Finally, we comment on a combined approach that takes
advantage of the usefulness of individual methods while
minimizing their limitations.

Electron microscopy is uniquely suited to imaging the
type and density of defects that define the domain structure
in a block copolymer26,41,42,45,53,54,63,73–75. The length scale
of interest ranges from tens of nanometers, for the initial
condition in an unaligned material obtained by moving
through the ODT with no aligning field41,63, up to micron
scale as defects are almost completely eliminated from the
material54,63. By carefully following the sample orientation

during microsectioning and imaging, the orientations of the
lamellae relative to the flow geometry can be obtained as
well41,42,63. Three limitations of TEM are: (1) the structure
of the material may be altered by sectioning, staining and
imaging with high energy electron beams, (2) only a small
area in the sample can be viewed at a time, so it is difficult to
get a statistical view of the degree of alignment, and (3) it is
not attractive for kinetic studies, since electron microscopy
is not anin-situ method. The first two limitations may be
alleviated by using field emission gun scanning electron
microscopy (FG–SEM)53. In spite of its limitations, no
other techniques could replace electron microscopy, since
this is the only method that records the local structure in the
material.

X-ray and neutron scattering applied along all three axes
of the flow geometry2,40,55,63provide detailed information
on the dimensions of the nanostructure and the shape of its
orientation distribution. The progression of structure at
intermediate states of flow-induced alignment in PS–PI-
type systems is captured by cooling through the BPC’s
upper glass transition temperature, then removing the
sample for characterization2,26,40–42,44,45,53–55,63,73–75.
While the results provide a sampling of complex micro-
structural changes induced by shearing, they have some
significant limitations. Like TEM, three-axis SAXS/SANS
cannot be performedin situ, so both methods have poor time
resolution and suffer from uncertainties in the relaxation of
structure after cessation of shearing, and any distortion of
structure during unloading and subsequent sample prepara-
tion. Further, in most studies that have usedex-situ
characterization methods, little information was available
to guide the selection of sampling conditions26,55. Typically
the rheological signature of alignment was the onlyin-situ
measurement; unfortunately, the rheological properties
often vary weakly and even non-monotonically with
substantial changes in alignment49. Thus, it has been
difficult to interpret prior results in the context of an overall
alignment trajectory, or to view the structural development
along a particular path to alignment in the context of distinct
families of alignment trajectories.

The challenges associated withex-situ studies have
motivated the development ofin-situ methods that use
SAXS40,45SANS,61,62or polarimetry2,46,49–51,63to monitor
flow-induced alignment.In-situscattering methods are most
frequently applied along a single axis71; using a Couette
geometry, it is possible to monitor scattering in both the
(=v, = 3 v)- and (v, = 3 v)-planes60,62. The time resolution
of both SAXS and SANS continues to improve, and
scattering patterns acquired tens to hundreds of seconds
apart have been reported62,71. Flow-induced alignment can
occur on a timescale of seconds, which requiresin-situ
probes that have much greater speed. In addition, limited
access to synchrotron and neutron beam time motivatesin-
situ measurements that can be made using more readily
available instrumentation.

Since there are many factors that affect alignment
kinetics, larger numbers of experiments are needed to map
transient behaviour as a function of multiple parameters.
Therefore, kinetic studies require an efficient method of
obtaining a quantitative measurement of progressive align-
ment, in-situ with high time resolution. Rheological
characterization can provide the desired time resolution
and can be measured in real time, but it is not sensitive to the
structural changes26,41,49,51,52,63,73. For example, the effec-
tive dynamic moduli can be measured simultaneously
during shearing; but it is not yet possible to relate them to
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the orientational order, since a given value can correspond
to many microstructural states49. Conversely, a given
alignment trajectory does not always have the same
rheological signature. For example, it has been suggested
that subtle changes in the loss tangent (tand ranging from
0.85 to 1.2) can be used to track progress along the Regime
III alignment trajectory55. However, the small dip and
subsequent increase observed in that sample are not
observed in the other very similar PS–PIs along the
Regime III trajectory49,72.

Introduction ofin-situ rheo-optical measurements during
flow provided the desired time resolution (as fast as 10 ms)
to probe the microstructural evolution during shear.
Birefringence, which is sensitive to the degree of alignment
and is correlated to the orientational order of BCP
morphologies that have anisotropic optical properties (e.g.
lamellae and cylinders), represents a reasonable choice for
real-time kinetic studies. The interpretation of the transient
birefringence for systems in which the microphases have
significantly different refractive indices (form birefringen-
ceq intrinsic birefringence)49–51,63,76,77and systems with
microphases having nearly equal refractive indices (intrinsic
birefringenceq form birefringence)46,77has been described.
For systems that have sufficiently low birefringence,
measurements can readily be made along two or potentially
all three axes of the flow geometry (Figure 4). When the
birefringence is large, the optical path must be kept small to
avoid the retardation going over more than a few orders. In
this case, complete characterization of the refractive index
tensor could be performed using multiple beams at oblique
angles with respect to=v78,79. While flow birefringence has
the advantage of speed and the ease of sending a laser beam
through multiple axes of a flow cell, compared with SAXS
and SANS it has much lower information content. Instead of
revealing the shape of the orientation distribution, birefrin-
gence is only sensitive to the second moment of this
distribution. Information on possible flow-induced distor-
tion of the nanostructure that is revealed in the wave-vector
dependence of SAXS and SANS cannot be obtained from
birefringence measurements. Further, interpretation of the
birefringence results requires attention to the possible
depolarization of light due to the polydomain structure in
unaligned80 and partially aligned78 materials. Awareness of
the relative magnitudes of the form and intrinsic contribu-
tions to the birefringence is required when interpreting flow
birefringence when the deformation rate is high enough to
perturb chain conformation46. Like scattering measure-
ments, a birefringence measurement made along only one
axis is insufficient to characterize orientation2,49–51,63.
Thus, one needs to confirm the interpretation of the optical
data using structural characterization by scattering and/or
microscopy.
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Figure 4 Notation for the birefringence measured by sending a polarized laser beam along three directions: (a) 1,3-birefringence, (b) 1,2-birefringence, and
(c) 2,3-birefringence

Figure 5 The storage and loss moduli of the unaligned and aligned states
for a PS–PI (10K–10K) diblock copolymer63: (a) unaligned and parallel
aligned, (b) unaligned and perpendicular aligned. Note that the parallel
orientation has the lower modulus, even at frequencies in Regime I



To achieve high time resolution and complete
information on both the orientation distribution and
domain structure that correspond to a given point along
the path to alignment, it is natural to combine the individual
methods that have these strengths. In this spirit, recent
studies have usedin-situflow birefringence for its speed,ex-
situ SAXS along velocity, velocity gradient and vorticity
axes for its ability to reveal the shape of the orientation
distribution, andex-situTEM along all three directions (v,
=v and= 3 v) to view the texture. This new approach has
provided insight into the microstructural character of the
‘fast’ and ‘slow’ processes along the three types of
alignment trajectories in Regimes I, II and III2,63. The
success of this experimental approach motivates future
studies that combine anin-situ probe (flow-birefringence,
SAXS or SANS), withex-situscattering along three axes
(SAXS or SANS) and electron microscopy along three axes
(TEM or FE–SEM).

Characterization of well-aligned states
Developing reliable methods to characterize well-aligned

nanostructures is crucial, since the degree of order and
density of defects can strongly affect the performance
of well-aligned functional materials. TEM and other
microscopic techniques provide the ultimate methods for
observing the microstructures in a block copoly-
mer26,41,42,44,45,53,54,73–75. The lamellar dimensions and
their directional distributions can be measured by the
intensity distributions in the (=v, v), (=v, = 3 v) and (v, =
3 v)-planes using small-angle X-ray or neutron scattering
experiments2,26,39–42,45,48,63. Observations of birefringence
in the (=v, v), (=v, = 3 v) and (v, = 3 v) planes can also
provide a quantitative measure of the degree and direction
of alignment76. Rheometry is the least sensitive method for
determining whether a single-crystal-like state has been
reached; however, rheometry can give a rough idea of the
alignment direction in some systems (Figure 5), if the
correspondence between mechanical properties and micro-
structure has been previously established by scattering or
microscopy. Therefore, electron microscopy is the only
method capable of determining whether the alignment is
‘perfect’ (i.e. not only aligned, but also nearly defect-free).
Complementary methods, such as SAXS, SANS and
birefringence are able to quantify progress toward an
aligned state and to detect when the BCP isnotwell-aligned.

Here we use the term ‘well-aligned’ only in reference to
samples that have sharp peaks in their scattering patterns
and uniform layers in TEM (Figure 11, point F)63.
Unfortunately the terms ‘aligned’ state and ‘pure’ state
have been used in the literature in reference to transient
states that are, in many cases, far from a well-aligned
state41,42,44,45,47,48,52,55–58. For example, the ‘pure trans-
verse state’55 reported previously, when viewed in context,
seems to be a weakly anisotropic transient state at the early
stage of the parallel alignment trajectory at the very high
frequencies (between points I and A on a Regime III
trajectory,Figure 6c)63. Indeed, there are many structures
with strong unimodal scattering that are transient states
along the way to a well-aligned structure as indicated byin-
situ birefringence and SAXS (e.g. points C ofFigure 6)2,63.
Verified by TEM micrographs, we have shown that a
strongly perpendicular state corresponds to a saturated high
value of 1,3-birefringence (Figure 4) close to a theoretical
one for a monodomain state (indicated by the value marked
F on the right-hand side of the graph inFigure 6a)50. Using
SAXS and TEM we have also shown that a well-aligned

parallel state is achieved when the 1,3-birefringence returns
to zero2,50,63. The birefringence has proven to be a much
more sensitive indicator of a final well-aligned state than are
the rheological properties.

TRAJECTORIES, KINETICS AND STRUCTURAL
EVOLUTION

Trajectories of alignment
Three-dimensional mapping (Figure 1) provides a basis

for viewing the alignment behaviour in terms of three
parameters: temperature, frequency and strain amplitude.
Qualitative aspects of the pathway leading to each
alignment can also be represented on such a plot (e.g. the
change in character of trajectory to the parallel state
between Regimes II and III). However, this representation
cannot capture the rich information on how alignment
occurs that is manifested in the additional dimension of
time. The evolution of structure during shearing provides
direct information on the mechanisms of alignment, which
gives insight into the origin of the frequency and
temperature regimes associated with distinct orientation
tendencies.

The pathways to distinct aligned states consist of a
cascade of processes. At fixed frequency, temperature and
strain amplitude, the character of the processes changes
significantly with time. Qualitatively, this change in
alignment dynamics as alignment proceeds can be rationa-
lized as a consequence of the coarsening of the domain
structure and the change in orientation distribution of the
lamellae. Within a given frequency regime, flow alignment
follows a characteristic path; we refer to this as a ‘family of
trajectories’ along the time dimension. Three different
families of trajectories have been identified (see footnote on
p. 4680): one family of trajectories of perpendicular
alignment in Regime I, and two different families of
trajectories towards parallel alignment in Regimes II and
III 2,49,50,63.

Comprehensive studies have been made to identify flow
alignment trajectories in different frequency regimes by
rheo-optical methods49–51. Typically, within Regime I, the
1,3-birefringence increases steadily and finally reaches a
saturated positive value during shearing (Figure 6a). There
are two different signatures of parallel alignment: one with
transient positive 1,3-birefringence (Regime II,Figure 6b),
another with transient negative 1,3-birefringence (Regime
III, Figure 6c). These distinct optical signatures indicate
different transient states of microstructures for these three
alignment trajectories. In the boundary between Regime I
and Regime II (atq . qc9), the direction of alignment
depends on strain amplitude: below a particular strain
amplitudegc, perpendicular alignment is induced along a
trajectory similar to that shown inFigure 6a; abovegc, the
final orientation is parallel through a trajectory similar to
that shown inFigure 6b; at gc, a novel trajectory has been
identified recently72. During the alignment process at this
specific condition (q ¼ qc and go ¼ gc), the 1,3-
birefringence increases rapidly to a transient peak value
and drops gradually, in a manner similar to that seen for the
‘fast process’ and first portion of the ‘slow process’ of
trajectory II (Figure 7, from point I to point M). Then the
1,3-birefringence increases steadily to a saturated value
(much greater than the transient peak value) in a manner
similar to that seen for trajectory I, and leading to
perpendicular alignment (from point M to F) (Figure 7).
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Figure 6 Three families of alignment trajectories are observed for a PS–PI (10K–10K) diblock copolymer63 that has been heated through the ODT to erase
its thermal and flow history, then cooled to a particular temperature in the ordered state where flow-induced alignment is performed. (a) Regime I routeto
perpendicular, (b) Regime II route to parallel, and (c) Regime III route to parallel (seeFigure 1for the range of temperatures, frequencies and strain amplitudes
over which each type of alignment trajectory is observed)2,49,51,63. One optical trace and a series of five SAXS patterns for each regime are shown: initial
ordered but unaligned state (I); middle of the fast process (A); the transition from fast to slow processes (B); middle of the slow process (C); and the final well-
aligned state (F)63



A positive 1,3-birefringence en route to parallel align-
ment could be interpreted as indicating the existence of
transient parallel and perpendicular orientations49; ex-situ
SAXS confirms this interpretation and shows that the
orientation distribution contains all orientations between
parallel and perpendicular, but not transverse63. A transient
negative 1,3-birefringence indicates that more transverse
layers exist than perpendicular ones49. This negative
birefringence has been shown to correspond to the
coexistence of transverse layers and parallel layers as
transient states on the way towards parallel alignment,
manifested in four-spot patterns revealed byex-situ
SAXS2,55,63(Figure 6c). In fact, the evolution of the four-
spot pattern with shearing time and strain amplitude55

corresponds nicely to the birefringence’s dependence on
these parameters50 (Figure 8). Since it is not straightforward
to rescale the time or strain amplitude to account for the
differences between the two BCPs studied by Gupta
et al.49,50 and Zhanget al.55, exact matching of the two
sets of results is difficult. The correspondence indicated in
Figure 8 is a qualitative one; in contrast, a direct
correspondence is established by an integrated approach
that combines rheo-optical measurements withex-situ
structural characterization (Figure 6a,b,c)2,63.

The remainder of this section describes what is known
about the kinetics and microstructure evolution of each of
the three families of trajectories in Regimes I, II and III.
These facts lay the groundwork for an up-to-date examina-
tion of current concepts regarding alignment mechanisms in
the Alignment Mechanismssection.

Kinetics of alignment
The kinetics of alignment are of practical importance,

since they provide the basis for estimating the processing
time needed to harvest a well-aligned state, or a particular
transient state, such as a bimodal parallel-transverse
structure. The kinetics are also of fundamental importance,
since they give clues regarding the mechanisms of
alignment. Many factors, including shearing conditions
(temperature, shear frequency and strain amplitude), and
material properties (e.g. order–disorder transition temper-
ature TODT, glass transition temperatures of each micro-
phase, degree of entanglement and characteristic frequency
qc9) affect the alignment kinetics. Some of the most
important thermodynamic and dynamic conditions can be
parameterized using dimensionless groups, such as the
strength of segregation (,T=TODT), the chain mobility
ððT=Tg)A, (T/Tg)B, (M/Me)A, (M/Me)B), and the viscoelastic
contrast between the layers (Tg,A/Tg,B). Shearing frequencies
can be made dimensionless using a relevant characteristic
relaxation timescale of the chains, or nanostructure, or
domains. The choice ofq/qc9 as a dimensionless frequency
appears to be particularly significant sinceq/qc9 < 1
coincides with the boundary between Regimes I and II.

Shear conditions other than frequency (such as strain
amplitude51,58) affect the alignment trajectory; the region in
(q, T, go), space associated with a given type of trajectory is
referred to as an ‘alignment regime’. Within a particular
alignment regime, changes in alignment conditions such as
q, T and go do not alter the direction of alignment. But
these parameters affect the rate and sometimes ultimate
degree of alignment50. Usually the rate of alignment
increases with frequency, temperature and especially strain
amplitude49,50,63,72.

Rheo-optical methods have been successfully used to
characterize the kinetics of alignment of PEP–PEE46 and

PS–PI (Figure 9)49,51,63. For PS–PI within Regime I, in the
early stage of alignment (point I to B inFigure 6a), 1,3-
birefringence increases more rapidly than in the later stage
of alignment (point B to F inFigure 6a). This could indicate
that, during the course of shearing, there is a transition in the
character of alignment, as though one process overtakes
another in importance. To test this idea, the experiment is
repeated with different strain amplitudes. Higher strain
amplitude results in much faster overall alignment. In the
initial ‘fast process’ from point I to B inFigure 6a, the
kinetics speed up more strongly with strain than those of the
later ‘slow process’ from point B to F. The effect of strain on
the timescale of the development of alignment is highly
non-linear: the time scale decreases asg¹ 3

o at the initial ‘fast
process’ (Figure 9b)49,63. It is difficult to scale the late stage
of alignment though, since the effects of strain amplitude
are much weaker in the subsequent ‘slow process’.
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Figure 8 Comparison of the real-time optical49,51measurements withex-
situ SAXS results55 reveals the similarity in alignment behaviour of two
different PS–PI samples. The SAXS patterns on the right-hand side
illustrate the effect of strain amplitude (go ¼ 0.17, 0.33, 0.42) for fixed
shearing time (2 h); and the bottom SAXS patterns represent the time
evolution (40 min, 2 h, 8.5 h) of structure at a given strain amplitude (go ¼
0.30). Analogous points are marked in the 1,3-birefringence traces using the
symbols shown beside each SAXS pattern. The time evolution of SAXS
patterns and their strain amplitude dependence resemble those manifested
in the flow birefringence, even though SAXS results are for a polymer that
is entangled with an inaccessible ODT while the birefringence results are
for a PS–PI that is unentangled with accessible ODT

Figure 7 A novel trajectory in the boundary between Regimes I and II at a
specific shearing condition:q ¼ q c and go ¼ gc. The first half of the
trajectory (from I to M) is similar to those in Regime II; the second half
(from M to F) follows the path similar to those in Regime I. The dashed line
(from M to F9) represents the path followed to parallel alignment whengo is
slightly greater thangc, all other conditions held fixed (from I to M, and to
F9)



Within Regime II, the 1,3-birefringence increases very
quickly early in the alignment process (point I to B in
Figure 6b) and then decreases slowly (point B to F in
Figure 6b). As expected, the overall alignment process
speeds up with increasing strain amplitudes. The strain
effect is stronger during the early stage of the process (‘fast
process’): the time needed to reach the transient peak value
of Dn13 decreases asg¹ 5

o (Figure 10a). During the
subsequent ‘slow process’, the transient decay of 1,3-
birefringence from the peak superimposes if time is rescaled
by g¹ 3

o (Figure 10b)51. These changes in scaling signal a
difference in mechanisms of alignment between the initial
fast process and the later slow process. Within Regime III, a
change in character of the alignment mechanism is again
indicated by the different strain dependence of the initial
fast process and subsequent slow process50,63. Unfortu-
nately, it is impossible to tell what these different
mechanisms are from birefringence measurements alone.
Information on structure evolution during the ‘fast process’
and ‘slow process’ in each alignment regime (I, II and III)
can uncover the nature of each process, as described in the
next section.

Structural evolution
Detailed information on structural evolution is a pre-

requisite to understanding the mechanisms of the alignment
processes regarding (1) the distinct families of trajectories,
and (2) the nature of initial ‘fast processes’ and subsequent
‘slow processes’. Here we briefly discuss previous work
regarding the microstructure and defects in the initial
unaligned and final well-aligned states. Structure develop-
ment during the alignment process is discussed in the

context of the strengths and limitations of various experi-
mental methods. Then structural evolution is described
along three families of trajectories (I, II and III).

Microstructures of BCPs in the initial unaligned state are
very different from those in the final well-aligned state.
Prior to applying shear flow, quenched63 or solvent casted41

samples appear to have a poorly organized, polydomain
structure. Almost 70% of the material can exhibit a ‘pebbly’
texture in which the density of defects is so high that the
lamellar morphology is obscured41,2. The remaining
material appears lamellar, but with a high concentration of
various defects, including partially formed focal-conics41,63.
SAXS patterns from such materials show uniform rings in
three orthogonal directions, and there are no preferential
lamellar orientations. In a well-aligned sample, lamellae are
well defined and highly oriented. Few types of defects exist
and the defect density is much lower than in the unaligned
state41,54,63.

Regarding the structure evolution during shear processing
from the initial unaligned state to the final well-aligned
state, Zhang and Wiesner55 have reported a particularly
interesting progression of X-ray scattering patterns with
shearing time. The results revealed the transient appearance
and disappearance of a bimodal orientation distribution with
coexisting parallel and transverse orientations, suggesting a
dynamic context for interpreting four-spot patterns observed
by Hashimotoet al.45 (in-situ) and Wineyet al.52. It also
suggested the shape of the orientation distribution that might
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Figure 10 Kinetics of parallel alignment during oscillatory shearing at
high frequency Regime II (q . qc9). The effect of strain amplitude is
different for the initial (a) fast process from that in the subsequent (b)
slow process, indicating the change of alignment mechanisms during
alignment51

Figure 9 Rheo-optical monitoring of the perpendicular alignment process
by oscillatory shearing at low frequency Regime I (q , q c9): (a) Effective
storage modulus drops quickly at the beginning and remains almost
constant afterward, and is not sensitive to the the degree of alignment. (b)
Birefringence increases steadily during the process, and the effect of strain
is shown as a third power law in the initial fast process. A PS–PI
(10K–10K) diblock copolymer was used63



correspond to transient 1,3-birefringence results that
indicated the appearance and disappearance of a strong
transverse component en route to parallel alignment in
Regime III (Figure 8)49. However, it was not possible to
connect the structural changes evident in the SAXS results
with the rapid initial process and slow late-stage process that
had been identified in Regime III49,50. Further, it was
difficult to recognize that these SAXS results pertained to
one type of trajectory to parallel alignment (Regime III), but
not to others (Regime II and IV). It was also difficult to
recognize the similarity between behaviours of entangled,
strongly segregated45,52,54,55 and non-entangled, weakly
segregated49,63systems. This is partly a consequence of the
difficulty of performing a comprehensiveex-situsurvey of
the transient structure for many flow conditions in the three-
dimensional space (T, q, g0) for multiple samples. Without
this broader perspective to guide the interpretation, it was
possible to overly confine the relevance of the results in
terms of materials (i.e. restricted to entangled, strongly
segregated materials) and to over-generalize their relevance
in terms of flow conditions (i.e. generalizing to all paths to
parallel alignment). Such misunderstandings are hard to
avoid unlessex-situ studies are linked to comprehensive
in-situ results that guide the selection of sampling
conditions.

Comprehensive rheo-optical measurements can provide
an overall perspective on the range of alignment behaviours
that occur as functions of the processing conditions. This
perspective can allow one to select one particular set of
conditions (q, T) that is representative of a whole alignment
regime. Extensive rheo-optical results on the effect of strain
amplitude can guide the selection of a particular value ofgo

to use to prepare samples forex-situelectron microscopy
and scattering measurements: the choice ofgo should be
large enough to give a trajectory that leads to a well-aligned
state, but small enough that the kinetics are sufficiently slow
that they can be interrupted at desired stages of the
alignment process, even in the initial fast process. Finally,
rheo-optical measurements guide the selection of the points
in time when samples should be taken forex-situ
characterization: they can record the point along the
trajectory at which the sample was taken, as well as
monitoring the relaxation of structure upon cessation of
shearing and during subsequent cooling (or heating) to
ambient conditions. Thus, while an optical observable like
birefringence may not itself provide detailed structural
information, it can be a powerful tool to guideex-situ
structural characterization.

A comprehensive approach that combines real-time
birefringence measurements andex-situ SAXS and TEM
revealed the structural evolution during flow-induced
alignment of a model diblock copolymer (PS–PI) in
different alignment regimes (I, II, III)2,63. In the initial
unaligned state, the sample consists predominantly (roughly
70%) of poorly organized regions rather than well-defined
layers. Layered domains exist with a variety of defect
structures, including partially formed focal conics
(Figure 11). Scattering results show that the initial structure
is essentially isotropic (I inFigure 6a,b,c). During
oscillatory shearing, the initial fast process in Regime III
(qc9pq) is seen by TEM to be responsible for the formation
of well-defined layers from poorly organized material
(Figure 11), but the population of layers that is created is
not isotropic, as shown by SAXS (Figure 6c). A bimodal
distribution is produced by the ‘fast process’ in the very high
frequency regime (Figure 6c). In the transition to the slow

process, the 1,3-birefringence indicates that the transverse
population is at its maximum, representing the strongest
bimodal character (parallel-transverse) that the system ever
passes through on its way to parallel alignment. These
transverse domains coexist with poorly organized regions
and with approximately parallel regions containing ‘chev-
ron’ bands (B inFigure 11), reminiscent of the images of
transverse islands in a matrix of parallel material reported
by Hudson for a lamellar diblock54. The coarsening of the
chevron pattern dominates the slow process, during which
the transverse domains are also eliminated. Finally, a well-
aligned state is achieved, as shown by sharp scattering
patterns (F inFigure 6c) and uniformly aligned lamellae (F
in Figure 11).

The same level of detailed information on structural
evolution during flow-induced alignment has also been
achieved for the families of trajectories in Regimes I and
II2,63. These two types of trajectories begin in similar ways
in some respects, increasing the parallel and perpendicular
projections and all orientations in between (Figure 6a,b
from I to A to B). However, in the later stages the two
trajectories are qualitatively different. The slow process in
Regime I continues to increase the perpendicular projection,
but progressively eliminates the other orientations (Figure
6a from B to C to F). In Regime II, the later ‘slow process’
reduces the perpendicular component of the orientation
distribution as the parallel component becomes more and
more dominant (Figure 6bfrom B to C to F).

By spanning the range of length and time scales involved,
the cascade of structural changes was visualized: formation
of layers from poorly organized regions; the creation,
growth, coarsening and deformation of domains; the
generation and elimination of defects, and the perfection
of a well-aligned ‘single-crystal-like’ state. The body
of results combining 1,3-birefringence, SAXS and
TEM allows disparate observations45,49,52,54,55 to be
viewed in a unified way2,63. Such a clear picture of the
evolution of flow-induced alignment processes is impos-
sible to obtain from the transient rheo-optical results49,51or
from structural studies that do not have a context for relating
the sample points to their corresponding positions along a
given alignment trajectory45,52,54,55. Without TEM, SAXS
alone is not able to uncover the existence of poorly
organized regions, their transformation into layers, the
types of defects that emerge and how the defect texture
coarsens. On the other hand, without SAXS, TEM alone is
not well suited to giving a statistical distribution of layer
orientations.

ALIGNMENT MECHANISMS

Towards the goal of predicting the direction, rate and degree
of flow-induced alignment, many mechanisms have been
put forward over the past two decades25,26,33–36,39–55,73.
Some concepts were proposed in an attempt to understand
the selection of alignment directions, such as the orientation
that has the ‘minimum moduli’47; some were dedicated to
understanding the formation of aligned layers from
isotropically distributed grains, such as ‘domain dissolu-
tion’(‘melting’), ‘grain rotation’26,39,41,73and ‘irreversible
rocking’46; others were expected to explain both the
direction and mechanism of alignment, such as ‘selective
melting’39 and ‘selective creation’2,63 of layers. Some
authors explained particular alignment behaviours in
terms of the material’s characteristics, such as ‘entangle-
ment’55, ‘weak segregation’39, ‘strong segregation’55, or
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‘viscoelastic contrast’47. A few proposed mechanisms were
confirmed by experimental observations such as ‘defect
migration’, ‘selective creation’ and ‘selective elimination’;
but many of them have not yet been validated. Arguments
regarding the selection of alignment direction have been
based primarily on the relative stability of different

monodomains. Only a few ideas have come from informa-
tion provided byin-situ measurements of dynamic responses
of the material during flow-induced alignment46,49–51,61,62,81.

In this section we use recent results from SAXS, SANS,
rheological, rheo-optical and TEM studies to test the ideas
that have been presented to explain the selection of
alignment direction and the mechanisms of alignment in
each regime. Most of the discussion deals with trajectories
that begin with a well-defined, isotropic initial condition,
prepared by disordering the material to erase all prior flow
and thermal history and then taking it through the ODT to
the desired temperature for processing. We begin with the
lowest frequency regime (IV) and move to progressively
higher frequencies (I, II and III). We conclude with brief
comments on interesting effects associated with other initial
conditions and what they may imply about alignment
mechanisms.

In alignment Regime IV (q , qd) parallel alignment is
observed in PEP–PEE-type BCPs39,46. To explain the
formation of parallel alignment at low shear frequency,
the concept of defect motion (migration) was invoked. The
fact that very low frequency shearing was required to induce
parallel alignment suggested that it occurred by very slow
relaxation processes, such as breaking and reforming the
lamellae through the movement of dislocations or disclina-
tions. Since the information fromex-situSANS of the final
state was not enough to support or negate these concepts, an
in-situ rheo-optical study was carried out on the same
system (PEP–PEE) under the same alignment conditions46.
The transient stress–optic ratio and 1,2-birefringence during
the parallel alignment process indicated that irreversible
‘rocking’ of grains led progressively to parallel alignment.
This result is in accord with the hypothesis that domain-
scale responses lead to parallel alignment at low frequency.
In this regime, the shear frequency is so low that the polymer
chains and lamellae are fully relaxed; thus, shearing only
deforms the domains and disturbs the defects between them.
The microstructural dynamics that control parallel alignment
at these low frequencies appear to be sensitive to the
differences between PEP–PEE-type and PS–PI-type
lamellae. Parallel alignment Regime IV is consistently
observed in PEP–PEE-type polymers; however, in PS–PI-
type systems, perpendicular alignment behaviour generally
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Figure 11 Microstructural development during parallel alignment by
oscillatory shearing via negative birefringence path (a bimodal transverse–
parallel texture) at very high frequency Regime III (qqq c9): (I) initial
ordered but unaligned state, (A) in the middle of fast process, (B) during the
transition from fast to parallel process, (C) in the middle of slow process,
and (F) well-aligned lamellae after prolonged shearing63



persists to the lowest accessible frequencies47,49,50, unless
the ordered sample is subjected to a particular pressing and
annealing treatment prior to shearing.

As shear frequency increases, oscillatory shear may
couple with the dynamics of the nanostructure (lamellae). In
Regime I (qd , q , qc9) perpendicular alignment can be
induced (in both PEP–PEE-type and PS–PI-type BCPs). In
PEP–PEE, this represents a flip in orientation aroundqd. To
explain this phenomenon, it was suggested that fluctuations
play a role in selective melting, making the perpendicular
orientation the least susceptible to shear-induced disorder.
This concept provided a hypothesis regarding the selection
of one direction over another as a function of frequency and
temperature: perpendicular alignment would be selected at
frequencies that couple to lamellar dynamics and at
temperatures close toTODT

39,55.
The evidence that selective melting causes perpendicular

alignment is indirect. The detailed structural evolution
observed during the perpendicular alignment process2,63

provides an opportunity to re-evaluate this concept. If
selective melting were playing an important role, it could be
expected to dominate during the early stage of the alignment
process when the amount of unfavourably oriented material
is the greatest. One would expect an initial rapid growth of
the perpendicular component, while other orientations
would be depleted (or left unchanged). Instead, SAXS
results show that the initial process does not select
perpendicular alignment over parallel—it enhances both
of these, as well as all orientations between the two (Figure
6). Further, electron micrographs show that the initial
enrichment of this range of orientations occurs by a process
that converts poorly organized regions into well-defined
lamellae, suggesting a mildly ‘selective creation’ of layers
with a range of orientations instead of a strongly ‘selective
melting’ leading to a specific one. The selection of the
perpendicular orientation occurs during the subsequent slow
process as ‘selective elimination’ occurs2,63. It is unlikely
that shear-induced melting plays a role in the late stage
processes, since the most unstable orientations have been
eliminated and the material has become relatively homo-
geneous, so that localized melting is decreasingly plausible
(and the energy involved in shearing is too low to cause bulk
melting).

While the exact mechanisms are still not clear, the
formation of well-defined layers during the fast process may
involve defect dynamics such as the elimination of partially
formed focal conic defects and, possibly, the rotation of the
local phase-segregated structure within the poorly organized
regions. The selectivity that is observed during the initial
process in Regime I may be a consequence of the symmetry
of oscillatory shear combined with the long time scale of the
deformation—longer than the single chain relaxation time,
long enough to allow relaxations on the scale of the whole
chain or even the nanostructure. By symmetry the only
orientations that can be progressively reinforced by
oscillatory shearing are those that are affected the same
way by forward and reverse cycles, i.e. those with fore–aft
symmetry. These relaxations can produce out-of-plane
reorganizations of structure that avoid higher energy
distortions in the plane (such as the creation of transverse
layers). All of the other orientations that have fore–aft
symmetry are enhanced. From the orientation distribution
created by the initial fast process, the slow process winnows
out all but the perpendicular alignment by ‘selective
elimination’. This process takes place after layers and
domains are clearly defined in the TEM images; thus, the

selectivity of the slow process may involve dynamics at the
scale of whole grains.

Moving up in frequency to the boundary between
Regimes I and II, in the vicinity ofqc9, the selection of
alignment can be ‘flipped’ from perpendicular to parallel at
fixed conditions of frequency and temperature simply by
increasing the strain amplitude51. Based on the concept that
shear distorts fluctuations and causes selective melting,
followed by ordering into perpendicular layers, higher strain
amplitude should lead to stronger and more rapid perpen-
dicular alignment, due to greater distortion of the fluctua-
tions. Instead, increasinggo leads to parallel alignment. This
suggests that the mechanisms for perpendicular and parallel
alignment coexist, and that the strength of the parallel
mechanism increases more rapidly with strain amplitude
than that of the perpendicular mechanism. As the underlying
processes that lead to each alignment become better defined,
models of their kinetics may capture this difference in their
strain-dependence. In turn, understanding the interplay of
strain, frequency and temperature may explain the shape of
the boundary surface in (q, T, go)-space that separates
distinct alignment regimes.

As one moves fully from Regime I into Regime II by
increasing frequency throughqc9, the alignment tendency
shifts to parallel for PS–PI-type lamellae42,47–50,63,72, while
no alignment has been reported in PEP–PEE-type polymers
for q . qc9. The most striking differences between the two
systems are (1) that PS–PI-type materials have very
different local friction in the distinct lamellae, while there
is little ‘viscoelastic contrast’ in PEP–PEE-type systems,
and (2) the PS–PI-type polymers that are typically studied
are not well entangled, while the PEP–PEE-type polymers
are highly entangled. Based on the first difference, it has
been suggested that the mechanism for parallel alignment at
q . qc9 may require ‘viscoelastic contrast’47. If so, this
hypothesis may also explain the reason the alignment
tendency changes atqc9. At lower frequencies the response
is controlled by the layers as a whole; it is insensitive to
more local dynamics since the chains are relaxed. Above
qc9, chain conformation is distorted and more local
relaxation dynamics play a role; thus, non-uniform mono-
meric friction could be involved, flipping the alignment
direction to parallel. Alternative explanations of the flip in
orientation atqc9 include the hypothesis that the system
adopts the orientation that minimizes the dynamic moduli at
the frequency of the applied shear47 and the concept that
parallel alignment is favoured at frequencies where the
elastic character of the material dominates (relatively small
tand)48,55,56. While these ideas were inspired by the
behaviour of some specific PS–PI materials, they fail for
other very similar PS–PI lamellae, as illustrated inFigure 12
andFigure 3c, respectively.

The mechanisms that have been suggested to explain
parallel alignment have not distinguished Regimes II and
III, since most of them were put forward before the
qualitatively different pathways to parallel orientation
above qc9 were identified. We discuss the ideas that
presume the transverse orientation is eliminated most
rapidly in the context of Regime II, in which this assumption
holds. Later we will discuss concepts that relate to the
mechanism of alignment through transient states rich in the
transverse orientation.

As a possible mechanism for forming parallel layers, it
has been suggested that unfavourably oriented domains
might be destroyed, then formed into parallel oriented
lamellae25,26,41,55. A closely related idea is that small
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regions might be destroyed at any one time and converted
progressively into parallel layers (partial dissolution of
microdomains)26,41. The shearing energy applied to the
initial unaligned state has been estimated to be sufficient to
destroy small microdomains41. Unfortunately, no method
has been available to detect such destruction/reformation or
domain dissolution (although recent fluorescence tech-
niques82 would open the way toin-situ rheo-optical

probes of flow-induced disorder). Recent electron micro-
scopy images of the evolution of microstructure with
shearing in Regime II do show that poorly organized
regions are progressively eliminated and well-ordered
layers increase, especially during the initial fast process63.
This appearance is evocative of the destruction/reformation
concept. However, the fast process does not lead to the
selection of parallel alignment in particular; instead it
enriches the whole range of orientations that are tangent to
the flow direction (parallel, perpendicular and all orienta-
tions in between). The subsequent slow process in Regime II
eliminates the perpendicular and intermediate orientations
created during the initial fast process, but its mechanisms
are not yet clear. A characteristic texture of sinuous defects
oriented preferentially along the flow direction is estab-
lished by the initial process. This larger-scale structure
coarsens during the slow process. Thus, the mechanism of
the slow process may involve larger-scale relaxations, such
as defect migration.

The path to parallel alignment at very high frequencies
(Regime III,qqqc9) involves an initial fast process that is
quite unique: a bimodal distribution that consists of parallel
and transverse lamellae is created. This transient is so
different from the one in Regime II that a distinct
mechanism of parallel alignment must be responsible.
Indeed, the concept of destruction/reformation in the
literature would anticipate the most rapid destruction of
the transverse component of the orientation distribution;
some other mechanism must be at work to create the
transverse/parallel texture. Based on the observation that
this bimodal structure was evident in SAXS patterns for
entangled PS–PI lamellar BCPs45,52,55, it was suggested this
orientation distribution resulted from an ‘entanglement
effect’ and elongation of chains along the flow direction55.
However, the Regime III trajectory is observed for
unentangled PS–PI’s, and at such small strain amplitudes
(as small asgo ¼ 10%), that segmental orientation is hardly
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Figure 12 Linear complex dynamic moduli of unaligned, parallel and
perpendicular aligned PS–PI diblock melts at 1158C. The absolute values of
complex dynamic moduli are the lowest for parallel alignment in the whole
range of frequency.qc9 is about 2 rad s¹1 at this temperature63

Figure 13 The role of chain distortion in the development of the bimodal transverse–parallel texture en route to parallel alignment at very high frequencies
(qqq c9) (Regime III). The extensional component of shear affects chain conformation as shown schematically by the solid chains (deformed) compared with
the dotted chains (undeformed). Convection of the layers produces a reorientation indicated by the solid lines (deformed)versusthe dotted lines (undeformed).
(a) Parallel layers are affected the same way by forward and reverse cycles, so there is no tendency to reorient. (b) Layers tilted away from the parallel
orientation are affected differently by forward and reverse cycles. If their normaln is tilted to the right, then the distortion of the chains is stronger in the
forward than in the reverse direction; consequently, the net effect of a full cycle is to promote reorientation toward parallel alignment. (c) Thus, layers withn in
the shaded sector on the right side of the=v axis will tend to evolve toward parallel alignment (n//=v). (d) The same reasoning applies to orientations tilted in
the opposite direction relative to parallel, so they will also tend to evolve toward parallel alignment (shaded region on the left side of the=v axis). Similarly,
orientations tilted away from transverse alignment would progressively rotate into transverse (shaded regions near thev axis). Schematic diagrams regarding
near-transverse layers have been shown elsewhere2



perturbed63,49,51. (Furthermore, Regime III has not been
reported in PEP–PEE-type polymers which are well
entangled.)

Two very general concepts may explain the creation of
the bimodal parallel-transverse texture during the fast
process in Regime III2. First, chain distortion may play a
central role, since this texture has only been observed at
shear frequencies so high the polymer chains are not able to
relax (qqqc9). Second, only orientations with fore–aft
symmetry can be progressively reinforced by oscillatory
shearing as explained earlier. If these two considerations are
taken together, only two orientations might be induced by
very high frequency shearing: parallel and transverse. The
other orientations with the right symmetry have a projection
along the perpendicular orientation, so they can only form
through larger-scale relaxations that exchange material out
of the shearing plane. The timescale of the deformation is
too fast for these large-scale rearrangements to occur. This
reasoning explains why transverse and parallel orientations
could be enhanced, but does not explain why both are
generated.

To explain the bimodal texture, a mechanism to generate
both parallel and transverse layers during the fast process
has been suggested. Two factors affecting the lamellar
orientation due to shear are considered: the deformation of
the layers and the distortion of chain conformation, as
illustrated schematically inFigure 13. These effects can
disturb the relative orientation of the chains with respect to
the layers. Except for the special cases of parallel or
transverse lamellae (Figure 13a), this disturbance is more
severe for one direction of shearing than the other (Figure
13b); each half-cycle of oscillatory shear can affect the
system differently, leading to a net reorientation. For
example, consider layers that are near parallel alignment,
i.e. having layer normal in the (=v,v)-plane within 6 458 of
the velocity gradient direction. The half-cycle that would
tend to rotate the layers away from parallel alignment also
extends the chains more strongly away from the layer
normal than the opposite half-cycle of shear (Figure 13b).
The net effect of a full cycle will tend to rotate the layers
toward parallel alignment (Figure 13c). For lamellae near
transverse alignment, the asymmetry with respect to
forward and reverse shear directions would progressively
reinforce transverse alignment (Figure 13d). Thus, this
mechanism can explain the enhancement of parallel and
transverse components starting from an initially isotropic
orientation distribution. Electron micrographs show that the
growth of the bimodal orientation distribution occurs, while
poorly organized regions are converted to well-defined
layers. Indeed, a process that straightens out convolutions in
the local structure would contribute to transforming poorly
organized material into lamellae.

Simultaneous with the creation process that produced
transverse and parallel domains, there should exist a
mechanism that converts the unstable transverse domains
to the more stable parallel orientation. This unspecified
mechanism dominates the slow process, when most of the
material exists in well-organized lamellae in either nearly
transverse or nearly parallel orientations. One likely
hypothesis is that the boundaries surrounding transverse
domains tend to move progressively inward, leading to
shrinkage and eventual disappearance of transverse regions.
Electron micrographs also implicate defect migration in the
refinement of the parallel alignment during the slow
process. Tilt walls that are preferentially oriented normal
to the flow direction separate regions that are somewhat

tilted up and down relative to parallel alignment. Images of
the microstructure suggest that these boundaries tend to
migrate in the direction of the more severely misaligned
region; when two walls meet, they annihilate each other.
The result is a simultaneous coarsening of the chevron
pattern of defects and a tightening of the orientation
distribution of the near parallel lamellae.

Reflecting on the trajectories of Regimes IV, I, II and III,
it appears that the changes in the character of both the
fast and slow processes as one moves from very low
frequencies (q , qd), through moderately low frequencies
(qd , q , qc9) and moderately high frequencies (above, but
near qc9), to very high frequencies (qqqc9) can be
qualitatively understood in terms of the changes in the
relaxation processes that can occur on the timescale of the
deformation. Certain general mechanistic concepts may be
relevant in all regimes. For example, defect migration
appears to be important in the slow process in all regimes.
However, the specific defects involved, their anisotropic
arrangement and their specific motions differ from one
regime to the next and with position along a given
trajectory. These individual characteristics may account
for the differences among their kinetics as functions of
processing conditions, such as the distinct non-linear effects
of strain on kinetics.

Up to this point, we have been discussing alignment
behaviours that have been observed as the structure evolves
from an isotropic, ordered initial condition. In some cases,
the behaviour appears to be insensitive to the precise initial
condition. For example, the bimodal transverse-parallel
texture has also been observed in PS–PI-type diblocks that
have ODT so high that it cannot be reached to erase the flow
and thermal history associated with sample preparation45,52.
Consequently, the initial condition is almost invariably
somewhat anisotropic; in addition, a particular annealing
procedure has been applied to some samples, but not
others55,63. In spite of these differences, the bimodal texture
is produced by very high-frequency shearing in the various
systems. On the other hand, some very interesting changes
in behaviour as a function of initial condition have been
discovered. Particularly in relation to the low-frequency
regime of parallel alignment (Regime IV), it has been
reported that PS–PI type polymers exhibit parallel align-
ment at low frequencies, but only if they are pressed and
annealed first56. This treatment is not a prerequisite for low-
frequency parallel alignment in PEP–PEE-type polymers46.
It is not yet known whether the dominant effect is due to the
flow history (pressing tends to induce parallel alignment),
the thermal history or a particular combination of the two. A
closely related phenomenon accessible only in PS–PI
samples that have been pre-treated to exhibit low-frequency
parallel alignment is another variation of strain-induced
flipping: at frequencies that lie in Regime I, it has been
reported that small strains produce parallel alignment, while
higher strains induce perpendicular58. It is not yet clear
whether the parallel alignment that is generally present in
pressed samples plays a role in this behaviour as well.
Clarification of the physical origins of these alignment
behaviours will very likely lead to new insights into the
alignment mechanisms of Regimes I and IV.

Highly aligned initial conditions have been used to
examine the potential for switching materials back and forth
between distinct aligned states and to examine the dynamics
of specific defects. Switching experiments have shown that
in PEP–PEE-type systems, parallel alignment induced in
Regime IV can be flipped to perpendicular by imposing
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conditions that belong to Regime I; however, a perpen-
dicular alignment cannot be flipped back to parallel by
imposing conditions in Regime IV39,46. On the other hand,
in PS–PI-type lamellae, perpendicular alignment can be
flipped to parallel by imposing conditions that lie in
Regimes II or III; but the reverse transformation from
parallel back to perpendicular cannot be produced50. Well-
aligned parallel samples have been used to study the motion
of edge-dislocations by imposing compression on the
sample and monitoring the subsequent stress relaxation54.
Nearly perfect parallel samples have been created using
prolonged annealing after cessation of oscillatory shearing;
the creation of tilt wall defects by oscillatory shear has been
investigated53. Fundamental understanding of specific
defect types and their motions appears to be of central
importance to a range of alignment mechanisms and these
studies serve as models for future work in this area.

EFFECT OF MACROMOLECULAR ARCHITECTURE:
BRIDGES AND LOOPS

Different macromolecular architectures affect chain con-
formation in microphase-separated block copolymers.
Diblock copolymers, such as PEP–PEE and PS–PI types,
have only one possible conformation, while ABA triblocks
and ABC triblocks have more possibilities, such as bridges
and loops (Figure 14). A2B type18 and star block
copolymers17 may have interesting packing behaviour due
to asymmetric ‘crowding’ along interfaces in the ordered
state. Thus, the effect of macromolecular architecture
represents an important dimension in understanding flow-
induced alignment. In this section, we will discuss ABA
type and ABC triblock copolymers. Flow-alignment of other
types of macromolecular architecture remains to be explored.

ABA triblock copolymers
Although ABA triblock copolymers self-assemble into

morphologies similar to diblocks83, their chain conforma-
tion is very different (Figure 14). Diblocks have their
junctions tethered along the interface between A-rich and B-
rich nanophases. On the other hand, ABA triblocks can
adopt either a loop conformation with two ends in the same
nanodomain or a bridge, with the two ends in different
nanodomains on either side of the B-rich layer. The
percentage of bridge conformations has been measured
experimentally by dielectric relaxation84 and evaluated by
theory85–87.

It has been argued that the difference in flow alignment
behaviour of ABA and AB copolymers results from the
presence of bridging chains. Riiseet al. compared the
alignment behaviour of lamellar PS–PI and PS–PI–PS
BCPs44. Since they used a molecular weight of PS–PI–PS
almost exactly twice that of an extensively studied PS–PI,
the PS–PI–PS sample can be envisaged as two of these
PS–PI molecules linked together at the isoprene ends. As
described before, both parallel and perpendicular align-
ments were observed for the PS–PI diblock (Figure 1), but
for the PS–PI–PS triblock, only perpendicular alignment
was observed, even at frequencies aboveqc9. This was
explained by the existence of bridges in the ABA triblock:
in the parallel aligned diblock, the lamellae can easily slide
past each other during shearing; while in the ABA triblock,
sliding would be resisted by the bridges between adjacent
layers. This was interpreted in terms of a decrease in
viscoelastic contrast. Tepeet al. studied a PEP–PEE–PEP
triblock71 and found that shearing in the ordered state

produced only parallel lamellae, even forqd , q , qc9. This
behaviour is quite different from that of both the PEP–PEE
diblocks39 and the PS–PI–PS triblocks44. Tepeet al. argued
that since bridging increases the stiffness of the PEE block,
viscoelastic contrast could be increased; thus, parallel
alignment is preferred. Unfortunately, there is no experi-
mental evidence that bridging changes the viscoelastic
contrast of BCPs.

ABC triblock copolymers
In terms of the effects of bridging chain conformations,

ABC triblock lamellae represent the upper limit: when
strongly segregated three-phase nanostructures are formed,
all chains must adopt a bridge conformation (Figure 14). At
least two types of interface exist in ABC triblocks, while
there is only one type of interface in the AB and ABA block
copolymers. Thus, ABC triblock copolymers can assemble
fascinating arrays of nanostructures88–94that are impossible
to form using either AB or ABA block copolymers. Many
interesting new flow alignment phenomena are expected in
such rich systems and need to be explored. For example, for
hierarchical structures such as helical strands surrounding
cylinders in a continuous matrix, one could envision
shearing the material in a first step that aligns the cylinders
along the velocity direction, followed by small amplitude
shear at an angle oblique to the axis of the cylinders to select
only one handedness of the helices.

To investigate flow phenomena in ABC triblocks, a
model system has been designed for future research72. The
three blocks in this model ABC system are styrene (S),
isoprene (I) and a random copolymer of styrene and
isoprene (R). This system has several advantages relative
to the ABC triblocks that have received the most attention
to-date (PS–PI–PVP, PS–PB–PMMA and PS–PEB–
PMMA). For example, the blocks can be grown in any
order (SIR, SRI or ISR)19, the relative magnitude of the
interaction parameters can be tuned as a continuous variable
by changing the styrene content in the random block, and
the absolute magnitude of the interaction parameters can be
tuned by partial hydrogenation of the isoprene units.

As a starting point, ‘symmetric’ ABC triblocks were
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Figure 14 Chain conformations in AB diblock, ABA triblock, and ABC
triblock copolymers. Only one type of interface (A–B) exists in both AB
diblock and ABA triblock copolymers. ABA triblocks can form either
bridges or loops. For ABC triblocks, only bridge conformations are allowed
in three-nanophase-separated structures



prepared. They have the same lengths for all three blocks,
and the same content of styrene and isoprene in the random
block. Four overall lengths (approximately 15K, 20K, 25K
and 35K per block, respectively) in all three permutations
(RSI, SRI, RIS) are compared with each other. Here we
summarize some preliminary results on the alignment
behaviour of lamellar nanostructures72. Two-nanophase-
separated lamellae (such as SRI-15, SRI-20, RSI-15 and
SIR-20) and three-nanophase-separated lamellae (SIR-35,
RSI-35 and SRI-35) are investigated. Most two-nanophase-
separated lamellae (SRI-15, RSI-15) behave in a manner
very similar to that of lamellar diblocks (Figure 15): they
show three regimes of alignment (I, II and III), fast and slow
processes along each trajectory, and strain-dependent
kinetics like PS–PI diblocks. SIR-20 behaves like the SIS
triblock: only perpendicular alignment is achieved below
and aboveqc9. Actually, TEM micrographs of SIR-20
suggest that the two end-blocks S and R are miscible (i.e.
like ABA-type triblock lamellae). Micrographs of RSI-15
suggest that two adjacent blocks S and R are miscible (like
asymmetric AB diblock lamellae). TEM images of SRI-15
and SRI-20 imply that the middle block R is partially
miscible with both S and R blocks, resembling a weakly
segregated symmetric diblock lamella.

A new feature introduced to the lamellar system by ABC
triblock copolymers is the occurrence of a new type of
defect: three microphase lamellae with correlated perfora-
tions (Figure 16). The lamellae in SIR-35 consist of
repeating stacks of [I–S–I–R]. The isoprene layers are
observed to be continuous; however, the intermediate layers
are composed of alternating sections of S and R. When there
is S on one side of the I layer, there is R on the other side.
Thus, the defects represented by an S/R boundary within a
given layer are correlated with R/S defects on the layers just
across the adjacent I layers. As these defects annihilate each
other upon annealing, the structure coarsens, and long-range
correlations produce striking patterns, including those that
resemble a ship’s wake. Analogous defects are observed in
RSI-35, but with S as the continuous layers. However, these
defects are not observed in SRI-35, in which all layers are
nearly defect-free. A possible explanation has been
proposed for the formation of these defects at an order–
order transition from two-nanophase to three-nanophase
segregation. If the two-phase precursor has layers that are
rich in the mid-block (B) segregated from layers in which
the end blocks are mixed (A/C), then the transition to the
three microphase structure will tend to occur by the lateral
segregation of A from C, leading to the correlated
perforations. If the two-phase precurser has layers rich in
the respective end blocks with the mid-block mixed in one
or both of the layers (i.e. (A/B)–(B/C) or A–(B/C) or (A/
B)–C), then segregation into three layers can occur without
any tendency to form this type of defect. These early studies
represent the first step towards developing new processing
strategies for ABC triblock copolymers72.

IMPLICATIONS AND FUTURE WORK

As discussed in previous sections, significant advances have
been made in understanding the physics of flow-induced
alignment of block copolymers. A unified three-
dimensional mapping has integrated virtually all results on
lamellar diblock copolymer melts published so far, and this
mapping has been successfully applied to two-nanophase-
separated ABC triblock copolymer melts as well. In
addition to these three dimensions (temperature, frequency

and strain amplitude), time has been explored as a fourth
dimension.

Dimensionless frequencies describing a cascade of
relaxations of polymer chains, nanophases and micro-
domains are the major parameters determining the flow-
alignment behaviour of a given material. Characteristic
frequenciesqc9 andqd appear to be the key players in this
dimension. A robust, reproducible and precise method has
been developed to measureqc9, but developing a method to
determineqd remains a challenge.

Parameters related to other dimensions require further
investigation to understand their effects on alignment
behaviour. Clearly, a single dimensionless time is not
sufficient to describe the kinetics along a given alignment
trajectory, since strain amplitude affects the time scale
differently in the fast and slow processes. Images of the
microstructural changes in each process give insight into the
reasons they behave differently; however, an explanation
for their individual kinetics is still lacking. Similarly, the
role of many other thermodynamic and dynamic parameters,
such as the strength of segregation, chain mobility,
viscoelastic contrast and entanglement, are not yet clear.
The differences in alignment behavior of PEP–PEE-type
and PS–PI-type diblock copolymers suggest that entangle-
ment and/or viscoelastic contrast have interesting effects.

Further experimental work that addresses issues such as
the effects of entanglement and viscoelastic contrast in
determining flow alignment behaviour would involve the
careful selection of experimental methods and the design
and preparation of ideal model systems. The integrated
approach includingin-situ and ex-situ characterization
provides an appropriate experimental means. The model
systems should be designed in such a way that the gap in the
degree of entanglement and viscoelastic contrast between
PEP–PEE-type and PS–PI-type BCPs is filled.

The mechanisms proposed over the past two decades
have been re-evaluated recently2,46,49,50,63. Selective melt-
ing appears not to be widely important2,49,50,63, while
selective creation is strongly indicated when the initial
condition is an unaligned state obtained by quiescent
ordering2,63. Grain rotation is supported by the rheo-optical
signature of parallel alignment in Regime IV46. Defect
migration has been observed in many cases41,63 and the
specific types of defects involved in different stages of
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Figure 15 Flow-alignment behaviours of two-nanophase-separated
lamellar ABC triblocks. BLD2 is a blend of two samples (RSI-20:RSI-15
¼ 1:4)



alignment have been imaged for Regimes I, II and III63.
Many questions remain, such as the detailed mechanism(s)
of flipping.

Experimental progress in understanding flow-induced
alignment presents new opportunities in modelling and
simulation, which in turn could yield valuable insights to
guide the unified design of materials and processing
conditions to exploit alignment phenomena. Observation
of microstructural evolution at well-defined stages in
each alignment trajectory provides a new perspective on
the way theoretical and simulation work could be
approached. Instead of focusing on the final aligned
states34,35,37,39,42,44,47,48, recent advances2,46,49–51,63suggest
that we should treat flow-induced alignment as a dynamic
process36. For each alignment trajectory, it may be possible
to break the overall alignment process into parts that are
tractable by analysis or simulation. For example, the
conversion of poorly organized material into lamellae

might be treated as an individual part. This reorganization
process would proceed differently at very high frequencies,
where chain dynamics play an important role, from at low
frequencies, where nanostructural dynamics dominate.
Specific types of defect migration might be investigated
theoretically as well. For example, the elimination of partial
focal conic defects by oscillatory shear might be modelled
to clarify the early fast process. The evolution of chevron
patterns of defects under the influence of very high
frequency (qqqc9) oscillatory shear might be modelled,
to gain insight into the slow process of the type-III
trajectories to parallel alignment. Theoretical understanding
of these individual processes will bring us closer to the goal
of describing the whole alignment process.

As more elaborate nanostructures can be formed by
ABC triblock copolymers and other types of BCPs with
complex architectures, flow-induced alignment of these
hierarchically organized nanostructures will deserve
increasing attention. Many new questions regarding flow-
induced alignment behaviours will be raised. For example,
when cylinders are present at the interfaces between the
lamellae in ABC triblock copolymers, does it alter the
alignment behaviour of the lamellar superstructure? Are
there parallel and perpendicular regimes for the layers? Do
the cylinders orient along the flow direction? Chiral
nanostructures could be produced by applying shear flow
of a helix-on-cylinder morphology to discriminate between
right- and left-handed helices. In the case of BCPs that have
one side-group liquid crystalline polymer (SGLCP) block,
one may deal with both the alignment of BCP layers and the
director orientation in the SGLCP nanophase. Understand-
ing the flow-induced alignment behaviours of these novel
nanostructures would pave the way to developing new
functional self-assembled materials.
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