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Shear-induced orientation of the body-centered-cubic phase in a diblock copolymer gel
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The effect of steady shear on the alignment of a gel formed by block copolymer micelles in a body-centered-
cubic ~bcc! phase has been investigated using small-angle x-ray scattering~SAXS! for samples in a Couette
cell. The gels were formed by an amphiphilic poly~oxyethylene!-poly~oxybutylene! diblock copolymer in an
aqueous salt solution. The micellar hydrodynamic radius and mutual diffusion coefficient were obtained for
solutions~micellar sols and gels! using dynamic light scattering. Static light scattering provided the micellar
thermodynamic radius and association number. SAXS was used to probe the orientation of the bcc structure as
a function of shear rate, and it was found that flow occurs with a@111# direction of the unit cell coincident with
the shear direction, with twinning of the crystal about this axis. The SAXS experiments indicated a critical
shear rate,ġ;50 s21 for macroscopic alignment of the gel. This value is lower than that reported in earlier
publications from our group, where large-amplitude oscillatory shear was used to prepare highly oriented
samples, possibly reflecting a dependence on strain amplitude. The viscoelastic behavior of the gel was probed
using oscillatory shear and highly nonlinear rheology was observed at large strain amplitudes, which was
assigned to a stick-slip mechanism of flow. The magnitude of the mutual diffusion coefficient, compared to the
relaxation time obtained from the critical shear rate, also indicated a cooperative flow mechanism in the gel.
@S1063-651X~98!07212-2#

PACS number~s!: 61.25.Hq, 83.70.Hq, 61.10.2i, 83.50.Ax
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I. INTRODUCTION

It is now firmly established that large-amplitude shear c
be used to align ordered microstructures in block copolym
melts or gels in concentrated solutions@1#. For example,
small angle neutron scattering has been used to examin
orientation of structures in block copolymer melts aligned
large-amplitude reciprocating shear in lamellar,@2,3# hex-
agonal@4,5# or body-centered-cubic~bcc! phases@6,7#. There
has been particular interest in the shear conditions~shear rate
and amplitude! required to obtain different orientations o
the planes in the lamellar phase with respect to the sh
direction@8#. The shear-induced alignment of ordered mic
structures in concentrated block copolymer solutions has
been of recent interest. Of particular importance is the qu
tion of whether orientation increases continuously on vary
shear conditions, or whether there are critical shear rate
amplitudes above which nonlinear flow leads to disconti
ous changes in orientation. For example, steady shear
plied to a solution of poly~styrene!-poly~isoprene! ~PS-PI! in
dioctyl phthalate above the equilibrium order-disorder tra
sition was found to induce lamellar order above a criti
shear rate,ġ;0.1 s21 @9#, although such critical shear rate
have not been reported for other ordered structures, suc
the cubic micellar phases.

In this paper, we consider the effect of shear on orien

*Author to whom correspondence should be addressed.
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tion of the bcc phase formed in a concentrated solution o
diblock copolymer. The development of cubic order in su
a block copolymer solution leads to the formation of
‘‘hard gel’’ @10# which has a finite yield stress, and a typic
dynamic elastic shear modulusG8;104 Pa@11#. The forma-
tion of a gel phase was first reported to be correlated
the development of cubic ordering for a poly~styrene!-
poly~butadiene! diblock copolymer in tetradecane@12,13#.
Recent work supports this correlation between dynam
mechanical response and cubic micellar structure
aqueous solutions of Pluronic @poly~oxyethylene!-
poly~oxypropylene!-poly~oxyethylene!# copolymers@10,14#
and poly~oxyethylene!-poly~oxybutylene! diblocks @11#.
Mortensen and co-workers@15–17# used shear to prepar
aligned domains of Pluronic gels, the structure of which w
elucidated using small-angle neutron scattering~SANS!. In
both E25P40E25 ~Pluronic P85! @15# and E97B39E97 ~Pluronic
F88! @16,17#, a bcc cubic phase was identified. The develo
ment of cubic ordering from a micellar solution in these a
other Pluronic copolymers was interpreted in terms o
model of ‘‘hard sphere crystallization’’@18,19#. However,
hard sphere crystallization produces a cubic phase wit
substantially lower hard sphere volume fraction,F50.494
~for freezing of hard spheres! than bcc (F50.68) or fcc
(F50.74) crystals. The effect of large-amplitude shear
face-centered-cubic structures has also been examined
Pluronic copolymers@20,21#. The effect of steady shear, ap
plied using a Couette cell, on the orientation of a fac
centered-cubic structure in E127P48E127 ~Pluronic F108! was
7620 © 1998 The American Physical Society
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PRE 58 7621SHEAR-INDUCED ORIENTATION OF THE BODY- . . .
investigated using small-angle x-ray scattering~SAXS!, and
transitions between different types of shearing flows w
elucidated@20#. A twinned fcc structure with a high densit
of stacking faults due to flow of sliding layers was observ
to transform into large homogeneous single crystals of ei
twin, separated on a millimeter scale, on application of lar
amplitude oscillatory shear@21#.

We have previously investigated the effect of larg
amplitude shearing on cubic phases formed in concentr
solutions of diblock E40B10 in 0.2 M K2SO4, using SAXS
with simultaneous rheology@22#. Salt was added to chang
the region of stability of the gel phase in the phase diagr
@23#. Both fcc and bcc phases were observed in this sys
depending on concentration~in the range 25–40 wt %! and
temperature@22#. For polymer concentrations less than
wt %, only a fcc phase was observed. However, at hig
concentrations, a bcc phase was observed at ambient
peratures, up to a transition to a high temperature fcc ph
the transition temperature increasing with polymer conc
tration. A hexagonal-packed rodlike micellar phase is form
in the same system at temperatures above about 75 °C
we have also investigated the effect of large-amplitude sh
ing on the orientation of this structure@24#. Changes in the
dynamic shear moduli upon application of large amplitu
shear were compared to the global orientation of the sys
via simultaneous rheology and SAXS experiments.

In this paper, we first present results from dynamic a
static light scattering experiments on copolymer E86B10 in
0.2 M K2SO4, where this salt solution was chosen to ena
eventual comparison with other results for EmBn copolymers
in the same series with constant B block lengthn510 @22–
29#. Dynamic light scattering provides the micellar hydrod
namic radius and the mutual diffusion coefficient, where
static light scattering yields the thermodynamic radius a
micellar association number. SAXS experiments on g
formed by this copolymer subjected to shear are then
cussed. We have investigated systematically the exten
orientation on increasing the rate of steady shear, applie
a Couette cell by measuring SAXS patterns. We have pr
ously reported simultaneous SAXS-rheology experiments
this system@25# and SANS measurements on gels subjec
to steady shear, up to much higher shear rates than pos
in the SAXS-rheology experiments@26#. In these papers, th
mechanism for orientation of the bcc cubic phase was el
dated, and it was found that a@111# direction of the bcc
structure aligns along the shear direction, with multiple tw
ning of ~110! and~211! planes around this direction@25,26#.
Here we present evidence for a critical shear rate for ma
scopic alignment of the bcc gel. In addition, the nonline
rheology of such a gel is investigated, and evidence for
or slip-stick mechanisms of flow in the bcc lattice at lar
shear strain amplitudes is presented.

II. EXPERIMENT

A. Materials

The synthesis, by sequential anionic polymerization, a
characterization of the diblock E86B10 has been describe
elsewhere@25#. It has a narrow molecular weight distribu
tion, Mw /Mn51.04 determined by gel permeative chrom
tography~GPC! based on poly~oxyethylene! calibrants. The
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materials used in the SAXS experiments were 35 wt % so
tions of the copolymer in 0.2 mol dm23 K2SO4 in H2O or a
30 wt % solution in 0.2 mol dm23 K2SO4 in D2O. The latter
was used to reduce incoherent scattering in previous sm
angle neutron scattering experiments@26#. These solutions
were prepared by mixing atT560– 70 °C, followed by sev-
eral days storage in a refrigerator.

B. Light scattering

Static light scattering~SLS! intensities were measured b
means of a Brookhaven BI-200SM instrument with vertica
polarized incident light of wavelengthl5488 nm supplied
by an argon-ion laser~Coherent Innova 90! operated at 500
mW or less. The intensity scale was calibrated against b
zene. Measurements were made at a scattering angu
590°. Dynamic light scattering~DLS! measurements wer
made under similar conditions by means of the instrum
described above combined with a Brookhaven BI-9000
digital correlator. Measurements of scattered light were m
at an angle of 90° to the incident beam. Experiment durat
was in the range 5–20 min, and each experiment was
peated two or more times. The applicability of these meth
to micellar solutions of the type under investigation was d
cussed previously@30–32#. Glassware was washed with con
densing acetone vapor before use. Solutions were clarifie
filtering through Millipore Millex filters ~triton free,
0.22-mm porosity, sometimes 0.1-mm porosity! directly into
the cleaned scattering cell.

The correlation functions from DLS were analysed by t
constrained regularizedCONTIN method@33# to obtain distri-
butions of decay rates~G!. The decay rates gave distribution
of apparent mutual diffusion coefficient@Dapp5G/q2, q
5(4pn/l)sin(u), wheren is the refractive index of the sol
vent,l is the wavelength, andu is half the scattering angle#.
Thus the apparent hydrodynamic radius (r h,app, the radius of
the hydrodynamically equivalent hard sphere correspond
to Dapp) could be obtained via the Stokes-Einstein equati

r h,app5kT/~6phDapp!, ~1!

wherek is the Boltzmann constant andh is the viscosity of
the solvent at temperatureT.

The basis for analysis of SLS was the Rayleigh-Ga
Debye equation in the form

I 2I s5K* cMw , ~2!

whereI is intensity of light scattered from solution relative
that from benzene,I s is the corresponding quantity for th
solvent,c is the concentration~in g dm23!, Mw is the mass-
average molar mass of the solute, and

K* 5~4p2/NAl4!~nB
2/RB!~dn/dc!2, ~3!

whereNA is Avogadro’s constant,nB andRB are the refrac-
tive index and Rayleigh ratio of benzene, respectively, a
dn/dc is the specific refractive index increment. Values
dn/dc and its temperature increment were taken from pre
ous work@23#, where the sources of other quantities nec
sary for the calculations were given. It is noted that t
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7622 PRE 58I. W. HAMLEY et al.
refractive indices of poly~oxyethylene! and poly~oxybuty-
lene! are very similar, making correction for refractive inde
difference unnecessary.

C. Small angle x-ray scattering

SAXS experiments at the European Synchrotron Ra
tion Facility ~ESRF! were performed on the high brillianc
beamline~BL4!. Further details of this instrument are pr
vided elsewhere@34#. Pinhole optics were employed to co
limate a monochromatic incident x-ray beam~wavelength
l51 Å! to a cross section 0.230.2 mm2 at the sample posi
tion. The SAXS patterns were recorded on a tw
dimensional gas detector in an evacuated tube. The dete
was located 3 m from the sample. Samples were sheared
homemade Couette cell, made of polycarbonate, that is
scribed in detail elsewhere@35#. The rotor is the outer cylin-
der ~the inner diameter of the rotor is 21 mm! and the size of
the annular gap between both cylinders of the cell is 1 m
The cell is mounted on a motorized translation stage wh
allows the sample to be aligned in any beam position
tween the so-called radial and tangential configurati
~Fig. 1!. Denoting the incident wave vector byq0 (uq0u
54psinu/l), the radial orientation corresponds toq0 parallel
to ¹v, the velocity gradient direction. The tangential co
figuration corresponds toq0 parallel tov, the shear velocity
direction. The third directione5¹v3v is the vorticity direc-
tion. These two configurations provide the SAXS pattern
two orthogonal planes in reciprocal space, namely, (qv ,qe)
and (q¹ ,qe). The temperature of the Couette cell was co
trolled via a water bath, being stable to60.5 °C, following
equilibration at the set temperature.

SAXS experiments were also performed at LURE~Lab-
oratoire pour l’Utilisation du Rayonnement E´ lectromagne´-
tique!, Orsay, France. BeamlineD24 was used with an x-ray
wavelengthl51.49 Å, and a camera length of 2.5 m. Di
fraction patterns were recorded using Fuji image plates, r
on a molecular dynamics image plate scanner. Samples
sheared in a Couette cell similar to that used at the ES
This device is restricted to operation at room temperatur

D. Rheology experiments

Measurements of the dynamic elastic shear moduli w
performed on a gel containing 32.5% E86B10 using a Rheo-

FIG. 1. Top view of the Couette cell showing the two geo
etries for the SAXS experiments. Herev is the velocity ~shear!
direction,“v is the shear gradient direction, ande5v3“v is the
neutral~vorticity! direction.~a! (qv ,qe) plane,~b! (q¹ ,qe) plane.
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metrics RSA II rheometer. The quantitiesG8 ~storage modu-
lus! and G9 ~loss modulus! are defined in the linear vis
coelastic regime, where the stress is given by@36#

s5G8A0sin~vt !1G9A0cos~vt ! ~4!

for a sinusoidal~frequencyv! input strain of peak amplitude
A0

A5A0sin~vt !. ~5!

In addition, nonlinear viscoelasticity was investigated as f
lows: The voltage output signal from the force transduc
providing a measure of the stress, was obtained along w
the input strain wave form and captured using a LeC
9310A digital oscilloscope. The captured wave forms we
also displayed as Lissajous figures of force versus app
strain.

III. RESULTS AND DISCUSSION

A. Dynamic light scattering

A measure of micellar size is provided by the hydrod
namic radius, extracted from DLS measurements on the g
These measurements have the advantage that the micelle
is measured directly in the gel phase rather than in a di
micellar solution. Results from DLS experiments for sol
tions of the copolymer in 0.2 M K2SO4 solution at 20 °C are
shown in Fig. 2, where they are presented as plots of in
sity fraction against the logarithm of the apparent hydrod
namic radius, log10(rh,app). The single peaks centered o
r h,app'80 Å are characteristic of micelles in systems whi
undergo a closed association. The broad distribution fo
for the lowest concentrations used~3 g dm23! is typical of
the response of theCONTIN analysis to a distribution affecte
by micellar dissociation. The dotted curve in Fig. 2 is t
distribution found for the 3 g dm23 solution at 45 °C. The
narrowed distribution at this temperature, at which the s
vent is poorer, is consistent with limited micellar dissoc

FIG. 2. Results fromCONTIN analysis of DLS data for solutions
of E86B10 at 20 °C at the concentrations indicated. The dotted line
data for the 3 g dm23 solution at 45 °C.
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PRE 58 7623SHEAR-INDUCED ORIENTATION OF THE BODY- . . .
tion. The critical micelle concentration~CMC! at 25 °C will
be less than 0.2 g dm23, based on a recent correlation b
tween CMC and B block length for EmBn diblock copoly-
mers in water@37#, whereas the critical gel concentratio
~CGC! is at 16 wt % copolymer. The results in Fig. 2 co
firm that the hydrodynamic radius does not vary on pass
from a micellar sol to a gel.

As can be seen in Fig. 2, the peak position is not v
sensitive to concentration, which is consistent with the s
solution being a poor solvent for the poly~oxyethylene!
blocks. Accordingly, values of the micelle diffusion coef
cient were equated withDapp measured atc59 g dm23, i.e.,
a low concentration at which the copolymer was well mic
lized ~see Fig. 2!. These values are listed in Table I, togeth
with values ofr h calculated from Eq.~1!, and corresponding
values of the hydrodynamic expansion factor (dh
5nh /na ,). The volumenh is the hydrodynamic volume cal
culated fromr h for spherical geometry, andna is the anhy-
drous volume of a micelle calculated from the micelle mo
mass (Mw ; see Table II for results from static light scatte
ing! and the copolymer density (r'1.10 g cm23). As can be
seen, the hydrodynamic radius is insensitive to temperat
an effect attributed many years ago@38# to compensation
between an increase in association number (Nw) and a de-
crease in hydrodynamic expansion factor (dh) as tempera-
ture is increased and the solvent becomes poorer. It ca
assumed that the former reduces draining of solvent thro
the micelle fringe, while the latter reduces the extension
the blocks in the fringe. The effect has been found for ma
other block copolyethers in aqueous solution@23,30,39#.

B. Static light scattering

For a nonideal, dilute, solution of particles, the Deb
equation can be written

K* c/~ I 2I s!51/Mw12A2c¯ , ~6!

whereA2 is the second virial coefficient~higher terms being
omitted from Eq.~6!. As written, the equation assumes sm
particles relative to the wavelength of the light. Radii

TABLE I. Micellar characteristics from dynamic light scatte
ing: copolymer E86B10 in 0.2 mol dm23 aqueous K2SO4. Estimated
uncertainties:Dapp and r h , 65%; dh , 615%.

T/°C Dapp/10211 m2 s21 r h /Å dh

20 2.4 84 25
30 3.2 83 19
45 4.4 85 14

TABLE II. Micellar characteristics from static light scattering
copolymer E86B10 in 0.2 mol dm23 aqueous K2SO4. Estimated un-
certainties:Nw , 15%; Mw andd t , 610%; r t , 65%.

T/°C Mw/1025 g mol21 Nw d t r t /Å

20 0.65 14 3.5 43
30 0.85 18 3.5 47
45 1.25 27 3.2 52
g
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gyration estimated from the hydrodynamic radii of Table
were;80 Å; hence any effect of destructive interference
the Debye function calculated from scattering at 90° can
safely ignored.

Use of Eq.~6!, truncated to the second term, to measu
the molar mass of the micelles is not satisfactory for
present system. There are two reasons:~i! micellar dissocia-
tion at low concentrations may cause an upturn in the De
plot; and~ii ! micellar interaction at moderate concentratio
causes a curvature of the Debye plot across the whole
centration range. These features are illustrated in Fig. 3,
effect of micellar dissociation being small but clearly seen
the data for solutions at 20 °C. Given the curvature in
plots, the data were extrapolated to zero concentration f
the moderate concentration range guided by the theory
scattering from uniform hard spheres@40#, making use of the
Carnahan-Starling equation@41#. Details of the procedure
can be found elsewhere@23,30–32#. Fitting the data~as
shown in Fig. 3! requires the density of the anhydrous c
polymer and two adjustable parameters: the mass-ave
molar massMw and the thermodynamic expansion factord t ,
defined as the ratio of the thermodynamic volume (n t , one
eight of the excluded volume! to the anhydrous volume (na):
dt5n t /na . Values ofMw and d t are listed in Table II, to-
gether with association numbers of the micelles calcula
from

Nw5Mw~micelle!/Mw~molecule!, ~7!

using a value ofMw(molecule)54700 g mol21. Also listed
in Table II are values of the thermodynamic radius calcula
from the thermodynamic volume~i.e., fromn t5d tna).

C. Small-angle x-ray scattering

SAXS patterns in the (qv ,qe) plane from a 35 wt % gel
under shear at 25 °C are shown in Fig. 4. The diffract
patterns contain reflections in the positional ratio 1:&:).
This is consistent with the bcc~space groupIm3̄m) structure
observed for block copolymer melts and surfactant mice
solutions. The first order peak is centered onq*
50.055 Å21, close to the value previously reported for a 3
wt % gel of E86B10 in 0.2 M K2SO4 at 25 °C (q*
50.056 Å21) @26#. From this value ofq* , the bcc lattice

FIG. 3. Debye plot of the concentration dependence of st
light scattering intensity~at 20 °C!, following Eq. ~6!.
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7624 PRE 58I. W. HAMLEY et al.
parameter is estimated asa5162 Å @42#. Assuming a bcc
packing fractionF50.68 @43#, this yields a micellar radius
R570 Å @42#, in good agreement with the hydrodynam
radii obtained from DLS and listed in Table I. Within th
assumption of a uniform hard sphere structure, made in a
lyzing the SLS data, the radius of gyration in dilute soluti
is obtained asr g5A3/5r h at 20 °C, in substantial agreeme
with the value for the gel. Correspondence betweenr g ~dilute
solution! andR ~gel! has been noted for other micellar sy
tems@15–19#. As reported previously for other block copoly
mer systems in aqueous solutions~e.g., Refs.@23,44#!, the
thermodynamic expansion factord t is a satisfactory predicto
of the critical gel concentration. Using the valueF50.68,
the critical volume fraction of copolymer for gel formation
25 °C is 0.68/d t50.19, corresponding to 20 wt %. This com
pares with 16 wt % found in our laboratory for a relat
copolymer, nominally E90B10, in the same solvent, for which
we find d t54.3 by static light scattering. The basis of th
prediction of the cgc is thatd t is constant over a wide con
centration range, but not necessarilyr t andM individually.

This leads to the following interesting observation for s
lutions and gels at a fixed temperature~25 °C!. In the gels
studied~35 wt % copolymer, gel density 1.035 g cm23 based
on volume additivity! the mass per unit cell~volume
4.253106 Å 3) is 4.4310218 g, hence the mass per micel
~two micelles per unit cell! is 2.2310218 g, i.e., a micellar
molar mass in the gel of 1.33106 g mol21. The correspond-
ing value in dilute solution is 0.753105 g mol21 ~from static
light scattering, see Table II!, as increase in micellar mass o
a factor of 17 or so. Such an increase of micellar mass
passing from micellar solution to gel has not, to our know
edge, previously been noted. It presumably reflects the fl
ibility of the system which is inherent in the dynamic equ
librium between micelles and molecules. As the mass
copolymer increases, the packing constraint on small
celles becomes too large, and the micelles increase in ra
and mass.

FIG. 4. SAXS patterns obtained in the (qv ,qe) plane while
shearing a gel with 35 wt % E86B10 in 0.2 M K2SO4 (T525 °C) at
shear ratesġ/s215~a! 5, ~b! 10, ~c! 50, and~d! 100.
a-

-

n
-
x-

f
i-
ius

At low shear rates, the diffraction pattern exhibits a we
twofold anisotropy@Figs. 4~a! and 4~b!#. This is shown quan-
titatively by the azimuthal intensity profiles in Fig. 5. The
were obtained by integration of the patterns in Fig. 5 in
narrow circular band centered onq* . Patterns in Fig. 4 and
profiles in Fig. 5 indicate that sharp Bragg peaks first d
velop at a shear rateġ'50 s21, and then continue to sharpe
up to the highest shear rate accessed,ġ5500 s21. In oscil-
latory shear, previous results from simultaneous SAX
rheology experiments indicate that macroscopic alignmen
a gel of E86B10 in 0.2 M K2SO4 ~40 wt % polymer! occurred
at a strain amplitudeA05100% at a shear rate betweenġ
51.6 and 16 s21. The lower critical shear rate in this cas
may reflect either a different mechanism of alignment dur
oscillatory shear versus steady shear@however, the ultimate
aligned structure has the same symmetry, at least for
projection accessed via SAXS patterns in the (qv ,qe) plane#.
More likely, this simply reflects the higher susceptibility o
more concentrated gels to shear, as discussed elsew
@22,25#. The critical shear rateġ'50 s21 corresponds to an
associated relaxation timet;20 ms, assuming a Debora
numberDe51.

Patterns with the same symmetries as shown in Fig
have been discussed in detail elsewhere@25,26#, and we
merely outline here the indexing of the patterns to an align
structure. At low shear rates, the patterns contain inner$110%
reflections oriented along the meridian. This indicates t
the $110% planes in this direction are predominantly orient
in the (v,¹v) plane, although the presence of significant
tensity around the ring indicates that the sample is by
means a monodomain. This is also evident from the prese
of $200% reflections centered on the equator@Figs. 4~a! and
4~b!#, which are assigned to separate grains in which$200%
planes are oriented in the (v,e) plane.

At higher shear rates, the pattern shown in Fig. 4~d! de-
velops. As confirmed in Fig. 5~e!, this comprises two meridi-
onal reflections, with four stronger reflections oriented
655° with respect to the meridian. The change of mac
scopic alignment of the sample evidenced by Figs. 4 an
was shown to be reversible. This is illustrated by the a
muthal intensity profiles shown in Fig. 6. Following shear
ġ55 s21, twofold anisotropy was restored, and again, abo

FIG. 5. Azimuthal intensity profiles obtained from SAXS pa
terns for the 35 wt % gel at 25 °C in the (qv ,qe) plane while shear-
ing at shear ratesġ/s215~a! 5, ~b! 10, ~c! 50, ~d! 200, and~e! 500.
Successive profiles have been shifted upwards for clarity. The b
nearf5180° results from the beamstop.
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PRE 58 7625SHEAR-INDUCED ORIENTATION OF THE BODY- . . .
a critical shear rateġ'50 s21, sharp Bragg reflections de
veloped, with two on the meridian and four off-meridion
reflections as obtained in the first sequence of shearing
periments.

In contrast to earlier work@25,26#, shearing using a Cou
ette cell enabled SAXS patterns to be obtained in two
thogonal planes, and representative patterns from the ‘‘
gential configuration,’’ i.e., the (q¹ ,qe) plane, are shown in
Fig. 7. At low shear rates, this indicates weak fourfold sy
metry, at least of the$200% reflections, as apparent in Fig
7~a!, resulting from slip of these planes in the (v,¹v) and
(v,e) planes. At shear rates above the critical value, sixf
symmetry is apparent, as shown by the pattern in Fig. 7~b!.
The evidence provided by the Couette cell shearing exp
ments on the symmetry of patterns in the (q¹ ,qe) plane
leads to an interpretation of the diffraction patterns from
aligned gel that is subtly different to that previously report
@25,26#. As in these earlier reports, the@111# direction of the
bcc phase orients along the shear direction, and a twin
crystal is produced. The patterns from the current ste
shearing experiments indicate that the shear direction
sixfold symmetry axis, whereas it was previously identifi
as a threefold axis@25,26#. In the present case, diffractio
patterns provide direct evidence for the symmetry in
(q¹ ,qe) plane. Meanwhile, the patterns obtained above

FIG. 6. Azimuthal intensity profiles obtained from SAXS pa
terns for the 35 wt % gel at 25 °C in the (qv ,qe) plane while shear-
ing at shear ratesġ/s215~a! 5, ~b! 50, ~c! 100,~d! 200, and~e! 500
~second sequence of shear rate steps, cf plots for first sequen
Fig. 5!. Successive profiles have been shifted upwards for cla
The break nearf5180° results from the beamstop.

FIG. 7. SAXS patterns obtained patterns for the 35 wt % ge
25 °C in the (q¹ ,qe) plane while shearing at shear rat
ġ/s215~a! 4 and~b! 800.
x-

r-
n-

-

d

ri-

e

ed
y
a

e
e

critical shear rate in the (qv ,qe) plane resemble those re
ported earlier, and are indexed on the basis of a twin
structure in Fig. 8. In particular, the twinning plane is pe
pendicular to~110!-type planes, and the twins are oriented
35.3° with respect to the shear direction~@111#!, being indi-
cated by the 110 reflections at this angle with respect to
@111# direction in Fig. 8~a!. This model also indicates tha
~110! planes are stacked along the shear gradient direct
This orientation of a bcc phase has been reported previo
for a diblock copolymer copolymer melt oriented by reci
rocating shear@6#.

We now consider the nonlinear flows that lead to the m
roscopic alignment of the bcc gel. Rheology experime
were conducted by applying oscillatory strain to a gel in t
rheometer atT520 °C. Voltage signals corresponding to th
input sinusoidal strain and the output transducer force~pro-
portional to stress! were collected by a digital oscilloscope
Figure 9 presents representative results for a 33 wt % E86B10
gel subjected to shear at a frequencyv5100 rad s21. In this
figure, the stress and strain wave forms are plotted for th
periods of oscillation on the left-hand side, while Lissajo
figures of the corresponding data are presented on the r
hand side. All plots are rescaled to give common axis ran
in each plot for force or strain. Viscoelastic behavior is e
hibited at a strain amplitudeA050.5% ~top!, the force is
essentially sinusoidal, and the Lissajous pattern is conc
trated in one direction. In contrast, at strains as low asA0
52%, the force is out of phase with the input strain, and
Lissajous pattern is an elliptical shell. AtA0510%, the mea-
sured force becomes strongly nonsinusoidal, with higher h
monics apparent in the wave form. In the alternative Lis
jous representation, the pattern becomes lozenge sh
~where we adopt the notation of Ref.@45#! with evidence of
slip toward the extrema of the figures; i.e., at the larg
strains the force is essentially independent of strain. Slip
even more dramatically illustrated at higher strains (A0
550%, bottom! where the force is independent of stra
over a large part of the cycle. However, at the extrema of
Lissajous figures, the force~stress! becomes an increasin
function of strain, corresponding to strain hardening. We
fer to the resulting Lissajous figure as a ‘‘bow-tie’’ patter
The combination of slip for part of a strain cycle, with stra
hardening at the extremum of a cycle, suggests that a s
slip mechanism operates at high strain amplitudes. Lozen
shaped patterns were not obtained at lower frequenciesv
510 rad s21) even at large strain amplitudes. In fact, th

in
y.

t

FIG. 8. Indexing of SAXS patterns in the (qv ,qe) plane ob-
tained from the bcc phase oriented at high shear rates. The@111#
direction is oriented along the shear direction. The patterns sh
in Fig. 7 result from a superposition of patterns~a! and ~b!.
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FIG. 9. Nonlinear viscoelasticity exhibited by a 33 wt % gel of E86B10 subjected to oscillatory strain deformation atv5100 rad s21 and
indicated strain amplitudesA0 (T520 °C). Left: voltage output by rheometer corresponding to applied strain~filled symbols! and measured
force ~open symbols!. The ordinates have been rescaled to give a common scale for strain or stress in each plot. Right: the wave f
presented in the form of Lissajous figures.
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observation of Lozenge-shaped Lissajous figures atv
5100 rad s21 for large strain amplitudes corresponds to t
condition for macroscopic alignment of the sample, as in
cated by SAXS@25#. We thus tentatively associate the cri
cal shear rate for macroscopic sample alignment with
onset of a slip-stick mechanism of flow in the cubic lattic
i-

e
,

which based on SAXS experiments occurs in the~110!
planes in the@111# direction.

We interpret our results based on the approach of R
@45#, whose authors employed a lattice model to analyze
viscoelasticity of a~hexagonal! micellar phase formed by a
block copolymer. They developed analytical theories t
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can describe complex Lissajous figures with strain soften
features, or lozenge shapes at large strain amplitu
~whether these are obtained also depends on strain
quency!. This theory was developed to account for the co
plex flows observed via cell dynamics simulations of t
block copolymer hexagonal phase subjected to oscilla
strain deformation or to a step-strain deformation@46#. We
expect that the essential physics of this two-dimensional
tice model will be applicable to three-dimensional cub
phases~because only two dimensions are relevant to sh
flows!. However, Ohtaet al. @46# did not consider ‘‘bow-
tie’’ patterns in their analytical model, although there
some evidence for their existence at large strain amplitu
in the cell dynamics simulations@46#. We focus on the bow-
tie pattern obtained at the highest strain amplitude~Fig. 9,
bottom!, which can be interpreted on the basis of Fig. 1
During the transient development of stress~s!, initially all
layers in the bcc lattice, within which flow occurs, start wi
approximately zero displacement~at the point labeled 0! and
the strain amplitudeA50, the layers then follow the increas
ing strain. However, at the point indicated as 1 in the ste
state cycle, slip commences and the force is independen
strain. This continues up to point 2, where the force~stress!
begins to increase with strain, indicating strain hardeni
This continues up to point 3, where the applied strain r
changes sign, at which point the stress follows the str
down to point 4, and so on for a complete cycle.

There have been few other experimental studies of n
linear flows in block copolymer gels. Watanabeet al. @47#
observed complex Lissajous figures obtained from meas

FIG. 10. Sketch of the ‘‘bow-tie’’ stress-strain pattern obtain
for large amplitude shear strains, indicating the transient phase
havior ~short times!, and the resulting steady state cycle.
.
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ments of the viscoelasticity of a PS-PI-PS triblock copo
mer in a selective solvent. In addition, the nonsinusoi
stress response was described as a Fourier series, with
pansion coefficients defining harmonic dynamic modu
However, they were not able to correlate the nonlinear v
coelastic response of the gel to any specific flow behav
transitions, because structural characterization was not
dertaken.

Based on our measured mutual diffusion coefficients~at
infinite dilution! Dapp;109 Å 2 s21, the time taken to diffuse
over one unit cell area is;1025 s, which is two orders of
magnitude smaller than the relaxation time associated w
the critical shear ratet;20 ms. From this we conclude tha
shearing above the critical shear rate leads to a struct
relaxation which involves a large number of unit cells, a
indeed this is consistent with the proposed stick-slip mec
nism.

IV. SUMMARY

The effect of steady shear on the bcc phase formed b
poly~oxyethylene!-poly~oxybutylene! diblock copolymer in
aqueous salt solution has been investigated using SAXS.
cellar dimensions were provided via static~micellar thermo-
dynamic radius and association number! and dynamic~hy-
drodynamic radius and mutual diffusion coefficient! light
scattering. The micelle mass in the gel is found to be mu
larger than that in the dilute state. In the SAXS experime
with in situ shearing in a Couette cell, a critical shear ra
ġ;50 s21 for macroscopic alignment of the cubic phase w
observed. This value is somewhat larger than that obtaine
earlier experiments on the same system using oscilla
shear@25#. This is possibly due to the effect of strain amp
tude, which is infinite for steady shear but finite for oscill
tory shear. A detailed study was made of the effect of str
amplitude in oscillatory shear rheology experiments. The
set of nonlinear viscoelasticity was manifested in ‘‘lozeng
or ‘‘bow-tie’’ shaped Lissajous figures of stress as a funct
of strain. It is proposed that this results from a stick-s
mechanism of flow of lattice planes in the cubic structure
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@34# P. Bösecke, O. Diat, and B. Rasmussen, Rev. Sci. Instrum.66,

1636 ~1995!.
@35# O. Diat, D. Roux, and F. Nallet, J. Phys. II3, 1427~1993!.
@36# C. W. Macosko,Rheology, Principles, Measurements and A

plications ~VCH, New York, 1994!.
@37# A. Kelarakis, V. Havredaki, G.-E. Yu, L. Derici, and C. Booth

Macromolecules31, 944 ~1998!.
@38# D. Attwood, J. H. Collett, and C. J. Tait, Int. J. Pharm.26, 25

~1985!.
@39# B. Chu and Z.-K. Zhou, inNonionic Surfactants: Poly-

oxyalkylene Block Copolymers, edited by V. M. Nace~Dekker,
New York, 1996!, Chap. 3.

@40# A. Vrij, J. Chem. Phys.69, 1742~1978!.
@41# N. F. Carnahan and K. E. Starling, J. Chem. Phys.51, 635

~1969!.
@42# Incorrect values were calculated in Ref.@26#.
@43# F. Scordari, inFundamentals of Crystallography, edited by C.

Giacovazzo~Oxford University Press, Oxford, 1992!, Chap. 6.
@44# Y.-W. Yang, Z. Ali-Adib, N. B. McKeown, A. J. Ryan, D.

Attwood, and C. Booth, Langmuir13, 1860~1997!.
@45# M. Doi, J. L. Harden, and T. Ohta, Macromolecules26, 4935

~1993!.
@46# T. Ohta, Y. Enomoto, J. L. Harden, and M. Doi, Macromo

ecules26, 4928~1993!.
@47# H. Watanabe, T. Sato, K. Osaki, M.-L. Yao, and A. Yam

gishi, Macromolecules30, 5877~1997!.


