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ABSTRACT: The process of flow-induced alignment in a lamellar diblock copolymer melt is investigated 
using simultaneous measurements of shear stress and birefringence. Flow birefringence, i n  situ, during 
oscillatory shear clarifies how the orientation distribution evolves toward either “parallel” or “perpen- 
dicular” alignment, Le., layers normal to either the velocity gradient or the vorticity axis, respectively. 
A nearly symmetric, polystyrene-polyisoprene diblock (ODT = 164 “C) is studied at 120 “C (T/TODT = 
0.90). The critical frequency (w6) associated with a crossover in the relaxation dynamics from being 
dominated by the macromolecular response to being dominated by the microstructural response is 
estimated to be w,‘ zz 3-7 radk at 120 “C. At high frequencies (relative to w;), shearing induces parallel 
alignment, while shearing at lower frequencies leads to perpendicular alignment. In all cases, alignment 
proceeds through a “fast” process followed by a “slow” one. The fast process is dominated by depletion of 
the projection of the orientation distribution along either the perpendicular direction or the “transverse” 
direction (layers normal to the flow). The resulting biaxial distribution is transformed into a well-aligned 
uniaxial one during the slow process. Surprisingly, the projection along the perpendicular direction can 
disappear faster than the projection along the transverse direction. This occurs during the fast process 
en route to parallel alignment with sufficiently high frequencies. As the shearing frequency is lowered, 
the projection along transverse orientation decreases faster than that along the perpendicular direction. 

1. Introduction 
Block copolymers provide excellent model systems to 

understand the complex morphological and dynamical 
response of microstructured materials, including liquid 
crystals, surfactants, and co1loids.l Microphase-sepa- 
rated block copolymers, in a variety of microstructures, 
have been shown to adopt “single-crystal”-like order 
when subjected to symmetry-breaking fields, such as 
electric fields and flow  field^.^-^ In particular, for 
lamellar diblock copolymers it has been shown that two 
states of macroscopic order can be achieved by large- 
amplitude oscillatory shear. Shearing at  different 
frequencies but at  the same temperature and strain 
amplitudes5~~ can produce alignment either with layer 
normals along the shear gradient direction (parallel) or 
with layer normals along the vorticity direction (per- 
pendicular) (Figure 1). In spite of considerable theoreti- 
cal and experimental work, the mechanisms as well as 
the controlling parameters for flow-induced alignment 
in block copolymers remain unresolved. 

Much of the experimental work has focused on two 
classes of systems: (a) polystyrene-polydiene block 
copolymers (where the diene may be either butadiene 
or isoprene) with the components having vastly different 
glass transition temperatures and experimental tem- 
peratures not much greater than the glass transition 
temperature of the styrene-rich phase2-4,10-14 and (b) 
well-entangled, polyolefin diblocks, such as PE-PEE, 
PE-PEP, and PEE-PEP (PE = polyethylene, PEE = 
poly(ethylethylene), and PEP = poly(ethy1ene-alt-pro- 
pylene)) wherein the components have similar glass 
transition temperatures and flow alignment is per- 
formed a t  temperatures much greater than either 
component glass transition t e m p e r a t ~ r e . ~ , ~ J ~ - l ~  

The early shear experiments on lamellar styrene- 
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Figure 1. Schematics of macroscopically ordered lamellar 
diblocks: (a) perpendicular; (b) transverse; (c) parallel. 

diene block copolymers induced alignment in the paral- 
lel d i r e ~ t i o n , ~ , ~  but more recent experiments on poly- 
olefin diblocks showed that perpendicular alignment 
could also be p r ~ d u c e d . ~  Koppi and coworkers5 found 
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that for lamellar polyolefin diblocks, large-amplitude 
reciprocating deformations a t  shear frequencies in the 
dynamic regime dominated by the layered microstruc- 
ture and a t  temperatures near the order-disorder 
transition resulted in perpendicular alignment, while 
parallel alignment was produced at lower reduced shear 
frequencies over a broader range of temperatures. More 
recently, Winey and co-workers,10-12 working with a 
polystyrene-polyisoprene (PS-PI) lamellar diblock 
(12.5K-9.5K, TODT = 152 “C), achieved perpendicular 
alignment near the order-disorder transition (eg., w 
= 10 rads,  T = 144 “C, yo = 100%) and parallel 
alignment at  lower temperatures (eg., w = 0.1-100 rad/ 
s, T = 98 “C, yo = 2-5%). This differed from the 
polyolefin case wherein parallel alignment was re- 
stricted to lower reduced frequencies than those induc- 
ing perpendicular alignment. 

In early s t ~ d i e s , ~ , ~  where only parallel alignment was 
found, it was proposed that flow alignment could 
proceed by mechanisms that include grain rotation, 
selective melting of grains, and defect migration. To 
explain the occurrence of parallel as well as perpen- 
dicular alignment, Koppi and coworkers5 speculated 
that perpendicular alignment was achieved because “the 
interfacial material is deformed by the vorticity com- 
ponent of the velocity gradient in all but the perpen- 
dicular orientation”. In contrast, they argued that 
parallel alignment occurred by “breaking and reforming 
the lamellae individually through the movement of 
dislocations (or disclinations)”. 

These ideas about alignment mechanisms were based 
primarily on the microstructure observed after align- 
ment using small-angle neutron scattering (SANS),5 
transmission electron microscopy (TEM), and small- 
angle X-ray scattering (SAXS).loJ1 Apart from the 
possibility of artifacts induced during the cooling, cut- 
ting, and mounting processes for sample preparation, 
such characterization does not provide any information 
on the molecular and microstructural dynamic re- 
sponses during flow alignment. This information is 
vital to formulate mechanisms of flow alignment and 
to discriminate among existing ideas. Thus, real time, 
in-situ studies are essential to understanding the mech- 
anism of flow alignment-a prerequisite for ration- 
al control of the macroscopic ordering in block copoly- 
mers and other mesostructured materials. 

Studies with a focus on in-situ measurements during 
shearing of block copolymers have recently appeared in 
the literature.17-19 However, the SANS and SAXS 
s t u d i e ~ ~ ~ J ~  by Balsara et al. and Okamoto et al. report 
scattering profiles averaged over periods of several 
minutes (-8-20 min) and track changes in the micro- 
structure on a coarse time scale. Both investigations 
only examine a few conditions of alignment. In contrast, 
the in-situ stress-optical study by Kannan et al. exam- 
ines alignment processes with a much higher time 
resolution (-0.1 s).17 However, in their polymer, a 
PEP-PEE diblock, flow birefringence is sensitive to 
chain orientation, since the intrinsic contribution domi- 
nates; at high frequencies, where conformation distor- 
tion occurs, this precludes determination of the lamellar 
orientation distribution during development of perpen- 
dicular alignment. 

To investigate the dynamics of the processes that lead 
to both parallel and perpendicular alignment, we apply 
in-situ rheooptical methods to a system in which the 
form contribution dominates the birefringence, a lamel- 
lar PS-PI melt. This permits study of the coherent 
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macroscopic order as it develops during oscillatory 
shear. The higher time resolution of rheooptical meas- 
urements proves extremely valuable as significant 
changes in microstructure occur initially within times 
of less than a minute. Using transient birefringence 
measurements, we perform a systematic study of the 
effects of shear frequency, strain amplitude, and tem- 
perature on the rate, the route, and the final direction 
of alignment. In this paper, we focus on the effect of 
shear frequency. 

In the following section, we describe the material and 
the rheooptical methods used to simultaneously char- 
acterize transient microstructural alignment and mac- 
roscopic viscoelastic properties. In section 3 we present 
observations during shear orientation. Section 4 in- 
cludes interpretation of the transient birefringence and 
dynamic modulus in terms of a proposed trajectory of 
microstructure evolution during shear alignment and 
a brief discussion of the results in the context of the 
mechanisms that have been suggested in the literature. 

2. Experimental Section 
A. Materials, Apparatus, and Methods. A nearly sym- 

metric polystyrene-polyisoprene diblock copolymer with M, 
20 000, and MJM,, I 1.06 was prepared by anionic synthesis 

using standard techniques. Clean material was obtained by 
filtering a solution of the polymer in toluene through a 0.2 
pm Teflon filter, followed by precipitation in methanol and 
vacuum drying. Rheological determinationzo of the order- 
disorder transition temperature indicated TODT = 164 “C. 

The mechanical and optical properties of this block copoly- 
mer were characterized using a rheooptical apparatus uniquely 
suited for simultaneous, quantitative measurements of dy- 
namic stress and birefringence over a wide range of frequencies 
(0.01-100 rads) and temperatures (-100 to  +400 “C). The 
construction of this apparatus, the instrumentation, and data 
acquisition are described in detail e l s e ~ h e r e . ~ ~ ~ ~ ~  All experi- 
ments were performed under an inert nitrogen atmosphere 
using the “shear-sandwich” geometry, with light propagation 
along the velocity gradient direction (axis 2). This allowed us 
to  measure the projection of the anisotropic refractive index 
tensor in the plane formed by the flow direction (axis 1) and 
the vorticity axis (axis 3). The present rheooptic instrument 
measures the sign of birefringence along with its magnitude. 
Experiments were performed with the sample loaded in a tool 
with a gap of 0.26 mm and rectangular plates (15.92 x 12.65 
mm). The optical path length was twice the gap width, i.e., 
0.52 mm. A red helium-neon laser at a wavelength of 633 
nm was used. 

For a highly birefringent sample (with little or no dichro- 
ism), the measurable optical property was sin p, where the 
retardation p = (2ndIi) And, with d the optical path length, i 
the wavelength of the incident light, and Anu the birefringence 
in the ij-plane (1,3-plane in our work). Because the principal 
value of p was obtained by inverting the sine function, errors 
are large in the vicinity of p = (2m + l)n/2. However, the 
uncertainty in the precise value of p in the time intervals 
where p is near (2m + 1)d2  does not alter the conclusions of 
this work. 

We used two types of oscillatory shear protocols: (1) 
frequency sweeps at strain amplitudes small enough to 
characterize the linear viscoelastic response of the sample 
before and after alignment and (2) prolonged, large-amplitude 
(10% 5 yo 5 110%) oscillatory shear at a fixed frequency and 
temperature to induce macroscopic alignment of the micro- 
structure. In this paper we describe alignment experiments 
carried out at a single temperature of 120 “C. This choice of 
temperature permitted us to explore shear alignment to both 
parallel and perpendicular alignment with various shear 
frequencies and a wide range of strain amplitudes. To 
establish a reproducible initial condition before each alignment 
experiment, the sample was heated well into the disordered 
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Figure 2. (a) Storage, G ,  and (b) loss, G ' ,  moduli on a shifted 
frequency scale (To = 120 "C, UT given in Table 1) for an 
ordered (2' < 164 "C) but macroscopically unaligned state and 
the disordered (2' > 164 "C) melt. The lateral bar in a indicates 
the approximate value of the critical frequency w: (see text). 

phase (180 "C) and allowed to  equilibrate a t  the temperature 
for 15-20 min. The sample was then cooled to the desired 
temperature in the ordered state and equilibrated for 15 min. 
This procedure resulted in a reproducible initial state, con- 
finned by frequency sweep measurements before each align- 
ment process.24 Once the sample was loaded in the shearing 
tool, uninterrupted measurements over several weeks were 
carried out by simply cooling and reheating the same sample 
to minimize relative errors ( e g . ,  variations in sample thickness 
in successive experiments, optical-train calibration, etc.). 
Clean terminal behavior in the disordered state after comple- 
tion of the whole suite of experiments (Figure 2) and GPC 
traces of the sample showed no evidence of any thermal or 
oxidative degradation, or cross-linking. Furthermore, we saw 
neither a broadening nor a shifting of the TODT over the course 
of weeks of experimentation. 

B. Stress and Birefringence. In shear flow, by sym- 
metry, the shear stress (~7.12 in the coordinate system described 
above) is an odd function of the strain. For oscillatory shear 
y ( t )  = yo sin wt,  if yo is small, the leading term in an expansion 
of a&) in the harmonics of w dominates. Thus, u12 is expected 
to be sinusoidal with the same frequency ( w )  as the applied 
strain. When this is the case and when the stress is linear in 
the strain, we can define storage and loss moduli G ( w )  and 
G ( w ) :  u12 = y o [ G  sin wt  + G" cos wtl. 

Frequency sweeps to characterize the linear viscoelastic 
behavior of the block copolymer were performed with small 
enough strain amplitudes to avoid macroscopic alignment and 
nonlinearity in the stress response. However, this was 
particularly difficult to achieve a t  elevated temperatures where 
larger strains were required to obtain a measurable force 
response. 

Table 1. Frequency Shift Factors for PS-PI in the 
Ordered but Macroscopically Unaligned State 

90 660 160 0.0114 
100 45.5 164 0.0068 
110 5.5 166 0.006 
130 0.24 168 0.005 
140 0.077 170 0.0045 
150 0.034 

In contrast, during "flow alignment" we used strain ampli- 
tudes large enough to produce alignment of the lamellae but 
small enough that  the stress was dominated by the funda- 
mental Fourier component and could be described using an 
effective dynamic modulus G:f that  changed with time dur- 
ing prolonged shearing. The higher harmonics (3w, 5w) in the 
stress response were also recorded.25 

For PS-PI diblocks in the strongly segregated regime, the 
form contribution to the birefringence (And resulting from the 
block copolymer microstructure is estimated to be at least 3 
times the intrinsic or "molecular" contribution (Ani).26,27 
Therefore, in our experiments we expect the form birefringence 
to dominate: consequently, the observed birefringence pro- 
vides a measure of the lamellar orientation distribution. A 
beam propagating along the velocity gradient probes the 
projection of A n  on the 1,3-plane, Arils. Due to flow symmetry, 
the principal axes of An13 coincide with axes 1 and 3, so its 
anisotropy is completely described by the magnitude of the 
birefringence An13 = n11 - n33. If a particular orientation of 
the projection of the lamellar normal in the 1,3-plane were 
enhanced by oscillatory shear, i t  would be directed along one 
of the axes (1 or 3) and would be manifested in Anla. Thus, 
the evolution of the steady offset in An$) is sensitive to  the 
development of alignment. In the parallel orientation, the 
lamellar normal (Q) points in the velocity gradient direction 
(axis 2) and is along the beam propagation direction. This 
results in a zero birefringence in the 1,3-plane for a perfectly 
aligned parallel state.30 In contrast, in perpendicular align- 
ment the layer normal (a) points along the vorticity direction 
(axis 3); for PS-PI, this corresponds to positive Anl3, since 
the form contribution has a higher index along the layers. 
Similarly, a large, negative 1,3-birefringence corresponds to 
the "transverse" orientation, with layer normal (a) along the 
flow direction (axis 1). 

3. Results 

A Dynamic Moduli of Disordered and Un- 
aligned Ordered Phases. Time- tempera ture  super- 
position at a reference tempera ture  of 120 "C w a s  used 
t o  construct  dynamic moduli ,  G and G',  master curves 
that s p a n  nearly 7 decades in reduced frequency (Figure 
2). The data measured at different tempera tures  using 
small-ampli tude oscillatory shear32 were  shifted only 
along the frequency scale to  construct the master curves 
( a ~  reported in Table 1). The dynamic moduli  at 
temperatures near and above the ODT are also shown 
in t h e  same figure.33 

In the ordered phase,  both G and G roughly follow 
a power law scaling with which can 
be approximated as w0.5-0.7. The  disordered s t a t e  
dynamic moduli  show typical homopolymer-like termi- 
nal behavior with G 0~ w2 and G" = w1 (Figure 2). 

We define two critical frequencies below which the 
relaxation dynamics are hypothesized t o  be dominated 
by relaxation modes of the microdomain structure.16 The 
critical frequency based on t h e  loss modulus (w:)  is 
taken t o  be the frequency below which the ordered and 
disordered loss moduli  fall on  different curves: w: x 
0.5 rads at T = 120 "C. For  the storage modulus,  we 
es t imate  the value of w6 by extrapolat ing the dis- 
ordered s t a t e  d a t a  (OJ; 3-7 rads at T = 120 "C; 
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Figure 2a). The uncertainty results from the rather 
long extrapolation of the disordered state data required 
to estimate 0:. 

B. Evolution of Birefringence and Dynamic 
Modulus during Alignment. Flow alignment experi- 
ments reported here were carried out over a range of 
shear frequencies at a single temperature of 120 "C. The 
final state of alignment was characterized by the 
birefringence (Anl3) and the small strain moduli. In 
agreement with earlier workl0-l3 we found two distinct 
regions of parallel and perpendicular alignment.36 At 
high shear frequencies relative to the critical frequency 
0:: (Le., w L 10 r a d s  at  120 "C) parallel alignment was 
achieved, and at  lower frequencies perpendicular align- 
ment was induced (Le., w 5 1 r a d s  a t  120 "C). 

1. Perpendicular Alignment. Shearing at  w = 1 
rads,  yo = 1 produced a rapid rise in Ani$ followed by 
a slow saturation to -8 x (Figure 3a). Further 
confirmation of the final magnitude of the birefringence 
was obtained from the color observed on viewing the 
sample through crossed polarizers under white light and 
using the MichBl Levy color scheme.37 While it is 
difficult to evaluate the order parameter from the 
birefringence, there are indications that it is quite high. 
Recent  calculation^^^^^^ for lamellar styrene-diene block 
copolymers in the strong segregation limit suggest a 
value of An M 16 x for a perfectly aligned sample. 
However, the condition examined here is in the weak 
segregation limit, resulting in smaller (form and intrin- 
sic) birefringence than a strongly segregated PS-PI. It 
should be noted that, in a large suite of experiments 
using different strain  amplitude^^^ and reduced fre- 
quencies, we have never observed the final birefringence 
of the perpendicular state to exceed An13,max 10 x 

The effective dynamic moduli during shear alignment 
showed an initial rapid fall, followed by a gradual 
decrease to a steady value (Figure 3b). Small strain 
frequency sweeps before and after shear showed that 
alignment resulted in a much stronger frequency de- 
pendence for both G and G '  (Figure 3c) and signifi- 
cantly lower dynamic moduli at  low frequencies. 

To examine the relationship between microstructure 
and macroscopic mechanical properties, in a separate 
experiment large-amplitude shearing was interrupted 
to measure the dynamic moduli (linear viscoelastic 
response) at  different points during the course of align- 
ment. The storage and loss moduli drop monotonically 
as alignment proceeds to point c on Figure 3a, with the 
largest drop occurring between points b and c. Beyond 
point c the trend changes, with G remaining essentially 
unchanged and G increasing from point c to d to e. 
These results are summarized in the Appendix (Figure 
7). 

2. Parallel Alignment. Shearing at  100 r a d s  (yo  
= 0.5) and a t  10 r a d s  (yo = 0.8) produces parallel 
alignment of the lamellae. Surprisingly, while the final 
states in both the shear alignment experiments exhibit 
Ani;) = 0, the evolution of birefringence during align- 
ment is dramatically different (Figure 4a). At w = 100 
rads,  Ang) rapidly becomes large and negative, in 
stark contrast to the steep positive rise in Ani;) for w = 
10 rads.  A positive An::) implies enhanced lamellar 
orientations biased toward perpendicular alignment 
relative to those biased along the transverse direction. 
Conversely, a negative An:;) implies a diminished ratio 
of the projection of perpendicular orientation to  trans- 
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Figure 3. (a) Evolution of the steady offset in 1,3-birefrin- 
gence during large-amplitude shear alignment at TO = 120 "C 
and w = 1 rads (yo = 1.0) to a perpendicular aligned state. 
The letters mark approximate locations where, in a separate 
set of experiments, shear alignment was stopped to perform 
small strain measurements of the dynamic moduli (see Figure 
7a,b). (b) Evolution of effective storage and loss moduli during 
the large-amplitude shear alignment experiments described 
in part a. Sparsely spaced markers have been used to 
distinguish the curves. The arrows at the left and right 
indicate the small strain dynamic moduli at w = 1 rads, before 
and after shearing, respectively. (c) Dynamic moduli at TO = 
120 "C obtained using small strain oscillatory shear measure- 
ment before and after large-amplitude shear as in part a. 

verse orientation-quite contrary to expectations. 
For both sets of flow conditions, the maximum abso- 

lute value of birefringence 1An::)l M '/3Ani3,m= (-3 x 
and is reached within -100 s. Both these initial 
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This peak value of An%) - 3 x lo-* for the case of red 
HeNe radiation (A = 633 nm) and the geometry em- 
ployed (d = 0.52 mm) corresponds to a retardation p = 
nl2. Since we measure sin p, an increase in p beyond 
nl2 to a value of ?t is indistinguishable from a decrease 
of p from xI2 to 0. Therefore, shearing experiments 
were repeated using green HeNe radiation (A = 543 nm) 
to verify the magnitude of the birefringence. These 
experiments confirm that the birefringence indeed 
reaches a maximum magnitude of ~3 x and then 
decreases to nearly zero. 

The effective dynamic moduli during shear show a 
large initial drop followed by a gradual flattening out 
(Figure 4b). This drop is slightly larger than that 
during perpendicular alignment a t  1 rads.  The small 
strain dynamic moduli for the two aligned samples are 
also nearly identical to each other and dramatically 
lower than those of the unaligned ordered sample 
(Figure 4c) as well as the perpendicular aligned sample 
( c f .  Figure 3c). A similar decrease in dynamic moduli 
has been reported for parallel alignment in PS-PI.10-12 
These dynamic moduli measurements, together with the 
small value of 1,3-birefringence a t  the end of shearing, 
allow us to infer that the final alignment is along the 
parallel direction. 

As before, to study the link between the microstruc- 
ture and the macroscopic mechanical behavior, we 
performed a separate set of experiments in which we 
interrupted the alignment process at  several stages and 
measured the dynamic moduli using small strains 
(Appendix). As was the case of perpendicular align- 
ment, there is a monotonic drop in G and G associated 
with the changes that occur during the first few hundred 
seconds of large-amplitude shearing at either 100 or 10 
r a d s  (up to point c in Figure 4a). The dynamic moduli 
hardly change from point c to point d and then drop 
again on proceeding to point e. Given the very different 
orientation distributions indicated by the birefringence 
a t  these points for the 10 and 100 r a d s  cases, the 
dynamic moduli at corresponding points in the processes 
are surprisingly similar. 

C. Effect of Shear Frequency on Alignment. 
The flow alignment experiments carried out a t  100,10, 
and 1 rads  clearly suggest that distinct processes 
dominate at  each of the three frequencies, leading to 
different trajectories of the birefringence and different 
final aligned states. In this section we focus on two 
issues: the effect of w on the development of similar 
final aligned states through dramatically different 
evolution pathways, i .e.,  10 r a d s  I w 5 100 rads,  and 
the effect of w on the orientation direction induced by 
shearing, i .e.,  1 rads  I w I 10 rads.  

1. Effect of Frequency on the Development of 
Parallel Alignment. As the shear frequency is de- 
creased from 100 to 10 rads,  the evolution of the 
birefringence shows a monotonic progression from hav- 
ing a negative extremum to a positive maximum (Figure 
5). A strain amplitude39 of yo = 0.5 was used for 
frequencies ranging from 60 to 20 rads.  For some of 
the cases examined (e.g. ,  w = 30 rads,  yo = 0.5), the 
displacement of the birefringence remains near zero 
throughout the process. Yet in every case, the effective 
moduli GLff and GYff during the alignment process 
showed the characteristic large drop initially and a final 
flattening out. Large-amplitude shearing was continued 
until both GZff and An%) had reached constant values. 
For all w from 10 to 100 rads ,  the ultimate value of 
An::) was approximately zero and the dynamic moduli 
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Figure 4. (a) Evolution of the steady offset in 1,3-birefrin- 
gence during large-amplitude shear alignment at TO = 120 "C, 
UJ = 10 rads (yo = 0.81, and 100 rads (yo = 5) to a parallel 
aligned state. The letters mark approximate locations where, 
in a separate set of experiments, shear alignment was stopped 
to perform small strain measurements of the dynamic moduli 
(see Figure 8a-d). (b) Evolution of effective storage and loss 
moduli during the large-amplitude shear alignment experi- 
ments described in part a. Sparsely spaced markers have been 
used to  distinguish between the curves. The arrows at the 
left and right indicate the small strain dynamic moduli at 10 
or 100 rads, as indicated, before and after shearing, respec- 
tively. (c) Dynamic moduli at TO = 120 "C obtained using small 
strain oscillatory shear measurement before and after large- 
amplitude shear as in part a. 

fast processes are followed by a much slower (t - 3000- 
4000 s) decrease of birefringence to a near zero value. 

1 o3 A parallel (100 rad/s) 
2 4 6 0  

10 100 2 4 6 8  
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Figure 5. Evolution of the steady offset in 1,3-birefringence 
during large-amplitude shear alignment at TO = 120 "C for 
frequencies 100-10 rads to a parallel aligned state. Strain 
amplitude yo = 0.8 was used at 10 rads, and yo = 0.5 for 100- 
20 

after shearing were the same and roughly an order of 
magnitude lower than that in the initial unaligned 
condition. Both An::) x 0 and low G*(o) of the final 
state suggest that parallel alignment was induced in 
all cases. 

2. Effect of Frequency on the Direction of 
Alignment. To examine alignment behavior a t  a 
frequency lying between the dominant parallel ( i e . ,  w 
L 10 rads) and perpendicular ( i e . ,  o I 1 rads) 
regimes,40 we performed shear alignment at 4 rad/s. 
Oscillatory shear at yo = 0.4 resulted in buildup of a 
large positive b i re f r ingen~e ,~~ typical of perpendicular 
alignment (Figure 3a). During flow, G:ff showed a 
modest initial decrease and then became relatively 
constant (Figure 6a; cf. Figure 3b). The dynamic moduli 
of the final aligned state (Figure 6b) were identical to 
those of a perpendicular aligned sample (Figure 3c). 

In contrast, shearing at the same frequency and 
temperature but using yo = 1.1 induced parallel align- 
ment as indicated by a near zero final An%) (Figure 2a 
in Gupta et aL41) and small strain moduli after align- 
ment (Figure 6c) consistent with those of parallel 
aligned material (Figures 412). The time trace of Ani:) 
was similar to the behavior at 10 rads,  but reaching a 
significantly higher maximum value of An::) x 4.2 x 

before decaying to zero. The effective dynamic 
moduli recorded during flow alignment showed signifi- 
cant differences from that observed a t  yo = 0.4 (Figure 
6a): the decreases of both GLff and G:ff were larger 
than the modest decreases observed during alignment 
a t  yo = 0.4. Instead, the behavior was similar to that 
observed during parallel alignment at 10 r a d s  (Figure 
4b). 

4. Discussion 
A. Monitoring the Alignment Process. To achieve 

a fundamental understanding of the flow alignment 
process, it is essential to record material properties that 
sensitively reflect changes occurring during alignment. 
In most previous studies, no measurement of stress or 
microstructure was made during shearing. In a few 
cases the stress has been recorded during the 

In addition, numerous authors have 
noted the effects of alignment on the small-strain 
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Figure 6. (a) Evolution of effective storage and loss moduli 
corresponding to the large-amplitude shear alignment experi- 
ments at 4 rads, yo = 1.1 and yo = 0.4 (evolution of 
birefringence is described elsewhere41). Sparsely spaced mark- 
ers have been used to distinguish between the curves. The 
arrows at the left and right indicate the small strain dynamic 
moduli before and after shearing with the strain amplitude 
indicated (0.4 or 1.1). (b and c) Dynamic moduli obtained using 
small strain oscillatory shear measurement before and after 
large-amplitude shear as in part a. 
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dynamic moduli.4-6Jo-12J7 These raise the question 
whether either the effective moduli (or viscosity) during 
the alignment process or the dynamic moduli a t  inter- 
mediate states of alignment can provide a means to 
monitor microstructural changes in the sample. In our 
experiments, neither G:ff nor G*(w) a t  intermediate 
stages sensitively reflects microstructural changes. In 
contrast, the transient birefringence dramatically re- 
veals the evolution of the microstructure during flow 
alignment. 

Dynamic Moduli. In all the cases examined for both 
alignments, Giff goes through an initial drop which is 
only modestly larger en route to parallel alignment than 
to perpendicular (Figures 3b, 4b, and 6a). Following 
this drop, GZff shows little change in magnitude com- 
pared to the significant changes in the magnitude of 
A&). Thus, even though the microstructure changes 
significantly during this time, it does not substantially 
alter G:F 

Low-strain dynamic moduli, G*(w), measured at 
intermediate states of alignment show only slight 
sensitivity to the evolution of the microstructure during 
shear and the changes in G*(w) can be nonmonotonic. 
Variations in both G‘ and G“ are gradual for a large 
part of the alignment process (Appendix), in spite of 
considerable changes in the microstructure as revealed 
by the birefringence. Microstructures with very differ- 
ent orientation distributions appear to have essentially 
the same G*(w). Thus, even if the relationship between 
microstructure and G*(w) were known, it would be 
impossible to infer the orientation distribution from 
G*(w). 

Birefringence. In the present system (PS-PI) the 
form effect dominates the birefringence, so  the birefrin- 
gence is directly related to the second moment of the 
orientation distribution of the lamellae. To a good 
approximation, the deviatoric parts of the refractive 
index tensor (An) and the order parameter tensor S are 
proportional: 
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orientation. Ongoing TEM and SAXS measurements 
on samples removed at intermediate states of alignment 
will provide the basis for more definitive interpretation. 

Large 1,3-birefringence values provide relatively un- 
ambiguous results. In particular, n11 - n33 = no can 
only correspond to an order parameter tensor with S33 
= 1 as its only nonzero component. This corresponds 
to perfect perpendicular alignment. Similarly, n11 - 1233 
= -no can only mean S has S11= 1 as its only nonzero 
component, which would correspond to perfect trans- 
verse alignment. The interpretation becomes more 
ambiguous as the birefringence decreases. Observing 
zero birefringence in the 1,3-plane can correspond to any 
uniaxial distribution 

E12 0 0 
s = o  1 - E O  

l o  0 & I  
Here, we have neglected S r 2  = S 2 1  since it averages to 
zero over a cycle of shear (an odd function of strain); in 
the present flow geometry, s13, s31 ,  s 2 3 ,  and s 3 2  are zero 
by symmetry. The initial, unaligned state with a 
random grain orientation distribution corresponds to the 
case E = 2/3; and a perfect parallel alignment corresponds 
to E = 0. Therefore, in our experiments, when the 
birefringence is small, we take into account the dynamic 
modulus, previous SAXS and TEM studies on similar 
materials, and context within an overall trajectory.1°-12 

B. Route to Alignment. Upon application of large- 
amplitude shear, distinct changes in the orientation 
distribution occurring at  vastly different time scales are 
evident in the evolution of birefringence. During both 
parallel and perpendicular alignments, we observe an 
initial “fast” and a subsequent relatively “slow” change 
in the transient birefringence. In each of these proc- 
esses, the time scale of the changes in birefringence 
shows distinct dependencies on strain amplitude.38 The 
initial fast process is accompanied by a large drop in 
the effective modulus during shear; during the slow 
process G& is relatively flat. 

The initial condition on each experiment is obtained 
by annealing a t  a temperature above the microphase 
transition temperature (i.e.,  TODT) and then cooling to 
120 “C in the ordered state. We expect that the 
resulting sample morphology consists of randomly ori- 
ented lamellar grains.ll The order parameter tensor in 
this state can be described as S11 = ,922 = S 3 3  = lI3, 
which is consistent with the near zero 1,3-birefringence 
observe prior to  large-amplitude shear.21 Flow-induced 
changes in the lamellar orientation distribution (or the 
order parameter tensor) can be visualized from the 
transient birefringence, guided by its sign and magni- 
tude. 

Perpendicular Alignment. Large-amplitude shear- 
ing at  1 rads  at  T = 120 “C produces a rapid positive 
rise in An%) (Figure 3a). This “fast process” can be 
interpreted as a dominant rapid decrease of S11 relative 
to S33 ,  indicating depletion of the grains biased toward 
the transverse (axis 1) direction. Furthermore, during 
this initial fast process the birefringence reaches point 
c (-(2/3) Anmax) on Figure 3a within -600 s. This large 
magnitude of An%) strongly suggests a simultaneous 
rapid increase of 5’33, i .e.,  the projection of the orienta- 
tion distribution along the perpendicular direction (axis 
3). Thus, at point c, the order parameter tensor corre- 
sponds to grain orientations distributed across parallel 
and perpendicular directions, with the latter dominat- 
ing. 

An = -no@ - I) 

where Sij = (uiuj), with u being the normal to the 
lamellae and (...) denoting an average over the orienta- 
tion distribution, I is the identity tensor, and no is a 
constant of proportionality that depends on the strength 
of segregation and the resulting periodic variation of the 
mean refractive index. Empirically, no can be deter- 
mined from birefringence measurements in samples in 
which the orientation distribution is known. We esti- 
mate the value of no for the present sample at  120 “C 
by the largest birefringence we have ever observed for 
a perpendicular aligned sample, Anmax = 10 x 
Using TEM we are currently characterizing the orienta- 
tion distribution in samples that show such high bire- 
fringence values. We believe this value of no corre- 
sponds to a very highly aligned state since it is more 
than half the value observed and calculated for strongly 
segregated PS-PI, which should consequently have a 
much larger value of no than the present samples. 
Therefore, we will frequently compare the birefringence 
of samples to  this benchmark value. 

Complete characterization of S - I requires the value 
of no and measurement of at  least two projections of the 
refractive index tensor. In the present experiments, we 
are limited to observing just one pr~jec t ion .~~ Therefore, 
we can provide bounds on the orientation distribution 
and make reasonable inferences about the trajectory of 
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Beyond point c, a much slower perfection of the 
alignment occurs, indicated by a gradual increase in 
An:) toward no. This may correspond to  gradual 
depletion of the projection of the orientation distribution 
in the parallel direction (S22 - -0) and a final align- 
ment along the perpendicular direction (S33 - -1). 

Parallel Alignment. During alignment at  frequen- 
cies from 100 to 10 rads,  unambiguous interpretation 
of the trajectory of alignment from 1,3-birefringence is 
difficult. However, here the small-strain moduli meas- 
urements at  intermediate stages (Appendix) and in the 
final aligned state complement the birefringence meas- 
urements and allow visualization of the trajectory of 
alignment. 

At 100 r a d s  (Figure 4a), the initial rapid decrease in 
An::) to approximately -(1/3)no suggests a rapid 
depletion of the projection along the perpendicular 
direction (S33 - 0) while the projection along the 
transverse direction remains relatively unchanged from 
the initial isotropic state (5’11 - V3). Since both G ( w )  
and G ( w )  at point a on Figure 4a are considerably 
smaller than those of the unaligned material 
(Appendix)-quite unlike the case of perpendicular 
alignment-we infer that the projection along the paral- 
lel direction is enhanced. In contrast, the rapid rise of 
An$ at 10 r a d s  (Figure 4a) to approximately (1/3)no 
indicates that here 2311 - -0, while S33 remains 
unchanged and S 2 2  increases. 

At frequencies from 60 to 20 rads,  the initial fast 
change is much less apparent and An!:) remains close 
to zero. In the context of a final parallel alignment, this 
would indicate that the projections along both perpen- 
dicular and transverse directions decrease at  compa- 
rable rates (Figure 5). In all cases, i .e.,  10-100 rad/s, 
at  the end of the initial fast process the order parameter 
tensor corresponds to an orientation distribution de- 
pleted in its projection along either perpendicular (at 
100 rads)  or transverse directions (at 10 rads),  or both 
(60-20 rads), and increased projection along the paral- 
lel direction. 

As in the case of perpendicular alignment, during the 
slower process the direction of alignment is perfected, 
with the final value of An\$) x 0 indicating an almost 
complete disappearance of the projection of the orienta- 
tion distribution in the 1,3-plane. 

Effect of Frequency and Strain on Routes to 
Alignment. Shear frequency appears to play a decisive 
role in selecting the route to either parallel or perpen- 
dicular alignment. In particular, for the initial fast 
change during shearing at  120 “C: 

1. For w 2 30 rads,  S33 decreases relative to 2711, 
while S 2 2  increases. 

2. For 10 rads  5 w 5 30 rads,  S11 decreases relative 
to 5‘33, while 5’22 increases. 

3. For w = 1 rads,  S11 decreases relative to S33, while 
S33 increases. 

As shearing frequency is reduced from 10 to 1 rads,  
the character of the ”fast” alignment process shifts from 
enriching the parallel to enriching the perpendicular 
projection at  the expense of the transverse projection 
of the orientation distribution. Such a shift is also 
reflected in results during shearing at  4 rads.  Enrich- 
ment of the perpendicular projection during the fast 
process, for both yo = 0.4 and 1.1, is indicated by 
transient birefringence that exceeds (1/3)n0.~l 

During the subsequent slower process at  4 rads,  
strain plays a critical role-selecting the ultimate direc- 
tion of alignment: for yo = 1.1, the perpendicular 
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Figure 7. Small-strain measurements of (a) storage and (b) 
loss moduli at various intermediate points during shear 
alignment at 1 rads. At each frequency, G and G are 
normalized by the respective modulus before shear alignment. 

projection disappears during the slow process, while for 
yo = 0.4, the parallel projection decreases. At other 
frequencies, the effect of strain on the slow process is 
also profound: below a critical strain, the slow process 
appears not to occur, and the alignment is never 
p e r f e ~ t e d . ~ ~  

C. Implications on Alignment Mechanisms. The 
observation that the rate of disappearance of grains with 
layer normals along the vorticity direction (Le., perpen- 
dicular direction) can surpass that for the transverse 
grains is extremely surprising, since almost all previous 
studies presume that the grains with a dominant 
normal projection along the transverse direction are the 
most u n f a v ~ r a b l e . ~ ? ~ J ~  It has been argued that, since 
these layers would be compressed, they are unstable and 
disappear rapidly either by rotation or melting or some 
combination of the two. As mentioned previously, 
almost all of these earlier studies involve characteriza- 
tion of the microstructure at  the end of the alignment 
process and formulation of a mechanism based on those 
observations. From solely postalignment characteriza- 
tion, the samples shear aligned at  the 100 and 10 r a d s  
exhibit identical final states. It is only from the in-situ 
transient birefringence measurement that we are able 
to distinguish between the two very different trajecto- 
ries. 

This result has profound implications regarding the 
concept of selective grain melting suggested to explain 
the disappearance of the domains biased in “unfavor- 
able” orientations. It has been speculated that the 
perpendicular orientation is the least susceptible to 
grain melting.5 In our experiments during shear align- 
ment at  the highest frequencies, i.e., 30-100 rads,  the 
grains biased along the perpendicular direction disap- 
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Figure 8, Small-strain measurements of storage and loss moduli at various intermediate points during shear alignment at (a 
and b) 10 and (c and d) 100 rads. At each frequency, G and G are normalized by the respective modulus before shear alignment. 

pear more rapidly than all others, particularly relative 
to those along the transverse direction. Therefore, in 
this frequency regime, we would expect that grain 
melting is not the dominant mechanism of flow align- 
ment to  a final parallel state. In addition, selective 
layer melting has been invoked to explain selection of 
a final perpendicular aligned state. However, results 
of alignment at  4 rads  show that oscillatory shear at 
the larger strain amplitude (yo = 1.1) induces parallel 
alignment and at  the lower strain amplitude ( yo  = 0.4) 
induces perpendicular alignment. One would expect 
that at  the higher strain amplitude, which corresponds 
to a higher distortion of equilibrium layer spacing and 
greater disturbance of fluctuations, selective grain melt- 
ing would lead to an even better perpendicular align- 
ment, which is not the case. Thus, while grain melting 
may occur here, it cannot be the only mechanism 
determining the final state of alignment. 

As in earlier studies3s4 shearing is correlated with a 
reduction in the modulus, both during shear and after 
alignment. However, this reduction of the modulus does 
not appear to  underlie the selection between parallel 
and perpendicular alignment. Contrary to recent sug- 
g e s t i o ~ ~ , ~ ~  in this PS-PI, consideration of the small- 
strain moduli would only yield parallel alignment, which 
is the lower modulus throughout the frequency range 
in our experiments. It could be argued that, during 
large-amplitude shear, the effective dynamic modulus 
would play a controlling role in determining the final 
direction of alignment. However, it is seen clearly that 
the greatest reduction in the effective modulus occurs 
within the first few hundred seconds of shear, while the 
microstructure is still far from macroscopic alignment 
in a particular direction. Furthermore, parallel align- 
ment is consistently associated with a larger decrease 
in G;,-yet it is not the preferred direction of align- 

ment at  all shear frequencies. Even at  the same shear 
frequency (4 rads),  different strain amplitudes lead to 
different final states of alignment41 even though a lower 
effective modulus during shearing is associated with the 
trajectory to parallel alignment (Figure 6a). 

As has been suggested by numerous investigators, 
defects may play a key role in determining the align- 
ment direction. If these become the dominant stress- 
bearing structures only at  very low frequencies, it could 
be argued that our shear alignment experiments are 
restricted to frequencies much higher than those where 
defect motion may dominate stress relaxation and that 
alignment is not a direct result of these long-range 
dynamic modes. However, it still is not clear what 
defines this time scale for defect mobility and how it is 
affected by frequency and strain. As our birefringence 
measurements do not yield information on defect struc- 
tures, we plan to investigate this aspect using TEM to 
characterize the morphology and thereby the nature and 
distribution of defects at intermediate stages of align- 
ment. 

5. Summary 
The evolution of the microstructure during flow 

alignment can be monitored using rheooptical tech- 
niques. In particular, in-situ birefringence measure- 
ments reveal changes in the microstructure very sen- 
sitively, while the modulus is relatively insensitive. The 
transient birefringence during shear shows an initial 
fast change in the orientation distribution, followed by 
a “slower” refinement that perfects the final aligned 
state. During the initial fast process, rapid depletion 
of the projections of the orientation distribution along 
either the perpendicular or the transverse directions 
occurs. We find that the relative depletion rates of these 
two projections depend on the shear frequency. Con- 
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t r a y  to literature, shear alignment is not always 
accompanied by a rapid disappearance of lamellae 
oriented in the transverse direction. 

Our results indicate the need for a more rigorous 
examination of the simple concepts put forth in litera- 
ture to explain flow-induced alignment. We find that 
there is a complex interplay among shear frequency and 
strain in controlling the microstructure and affecting 
the relaxation dynamics. The previously neglected 
strain amplitude plays an important role in flow- 
induced alignment of lamellar block copolymers, affect- 
ing not only the alignment kinetics but also the direction 
of final alignment. 
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Appendix 
To observe the relationship between changes in the 

microstructure and the relaxation behavior, small-strain 
moduli were measured at  different stages during align- 
ment. During the stoppage of large-amplitude shearing 
the birefringence relaxed slightly (<5%) while each 
small-strain frequency sweep was performed. However, 
once large-amplitude shearing was resumed, the bire- 
fringence rapidly reached the value just before the 
interruption of large-amplitude shearing. It then fol- 
lowed a trajectory similar to that observed when shear- 
ing was continuous. The magnitude of the recovery in 
Ani:) during the pause for small-strain experiments 
decreased with shearing time, being the largest when 
shearing was stopped at  the end of the fast process 
(point a in Figures 3a and 4a). 

For perpendicular alignment, G shows a monotonic 
decrease as alignment progresses (Figure 7a). To 
facilitate comparison, G and G are shown normalized 
by the corresponding values before shear alignment. 
Almost all of the change in the frequency dependence 
of G occurs as An!:) increases to -6 x (point c in 
Figure 3a). The loss modulus shows a different, non- 
monotonic behavior (Figure 7b): it  decreases only 
slightly from the initial unaligned state as Ani$) in- 
creases to -4.5 x (point b in Figure 3a). However, 
with further increase of the retardation to  An!:) 6 x 

(point c), there is a large drop in G to nearly 50% 
of the initial value at  low frequencies. Beyond this, as 
the birefringence increases, G increases by about 10- 
15% equally at  all frequencies. 

During alignment a t  10 and 100 rad/s, almost all the 
changes in the frequency dependence for both G and 
G occur in the first 400 s of shearing (Figure 8a-d): 
in both cases, a large drop in the moduli occurs as 
An::) passes its extremum and drops to an absolute 
value of -2.2 x (point b). Beyond this point, both 
G and G show a gradual monotonic decrease. 
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