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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 (bco phase has been investigated using small-angle x-ray scatt&/¥gS) for samples in a Couette
cell. The gels were formed by an amphiphilic pa@yyethyleng-poly(oxybutylene diblock copolymer in an
aqueous salt solution. The micellar hydrodynamic radius and mutual diffusion coefficient were obtained for
solutions(micellar sols and geJsusing 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 w(thld] 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 rateyy~50 s * 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.
[S1063-651%98)07212-2

PACS numbses): 61.25.Hg, 83.70.Hq, 61.18i, 83.50.Ax

[. INTRODUCTION tion of the bcc phase formed in a concentrated solution of a
diblock copolymer. The development of cubic order in such
It is now firmly established that large-amplitude shear cara block copolymer solution leads to the formation of a
be used to align ordered microstructures in block copolymethard gel” [10] which has a finite yield stress, and a typical
melts or gels in concentrated solutiofis]. For example, dynamic elastic shear modul@® ~ 10* Pa[11]. The forma-
small angle neutron scattering has been used to examine ttien of a gel phase was first reported to be correlated to
orientation of structures in block copolymer melts aligned bythe development of cubic ordering for a p@Eyreng-
large-amplitude reciprocating shear in lamellg2,3] hex-  poly(butadieng diblock copolymer in tetradecand2,13.
agonal4,5] or body-centered-cubico phase$6,7]. There  Recent work supports this correlation between dynamic
has been particular interest in the shear conditishear rate  mechanical response and cubic micellar structure for
and amplitudg required to obtain different orientations of agueous solutions of Pluronic [poly(oxyethyleng-
the planes in the lamellar phase with respect to the sheguoly(oxypropyleng-poly(oxyethyleng] copolymers[10,14]
direction[8]. The shear-induced alignment of ordered micro-and polyoxyethyleng-poly(oxybutyleng diblocks [11].
structures in concentrated block copolymer solutions has alsilortensen and co-workersl5—-17 used shear to prepare
been of recent interest. Of particular importance is the quesaligned domains of Pluronic gels, the structure of which was
tion of whether orientation increases continuously on varyingelucidated using small-angle neutron scattefiSB\NS). In
shear conditions, or whether there are critical shear rates droth EsP4oE,5 (Pluronic P8% [15] and &B3gEy7 (Pluronic
amplitudes above which nonlinear flow leads to discontinuf88) [16,17), a bcc cubic phase was identified. The develop-
ous changes in orientation. For example, steady shear ament of cubic ordering from a micellar solution in these and
plied to a solution of polgstyreng-poly(isopreng (PS-P) in other Pluronic copolymers was interpreted in terms of a
dioctyl phthalate above the equilibrium order-disorder tran-model of “hard sphere crystallizationT18,19. However,
sition was found to induce lamellar order above a criticalhard sphere crystallization produces a cubic phase with a
shear ratey~0.1 s [9], although such critical shear rates substantially lower hard sphere volume fractidh=0.494
have not been reported for other ordered structures, such &or freezing of hard spherggthan bcc (pP=0.68) or fcc
the cubic micellar phases. (®=0.74) crystals. The effect of large-amplitude shear on
In this paper, we consider the effect of shear on orientaface-centered-cubic structures has also been examined for
Pluronic copolymer$20,21. The effect of steady shear, ap-
plied using a Couette cell, on the orientation of a face-
* Author to whom correspondence should be addressed. centered-cubic structure ingEP,5E,7 (Pluronic F108 was
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investigated using small-angle x-ray scatter{i8®\XS), and  materials used in the SAXS experiments were 35 wt % solu-
transitions between different types of shearing flows werdions of the copolymer in 0.2 mol dii K,SO, in H,O or a
elucidated 20]. A twinned fcc structure with a high density 30 wt % solution in 0.2 mol dm® K,S0, in D,0. The latter

of stacking faults due to flow of sliding layers was observedwas used to reduce incoherent scattering in previous small-
to transform into large homogeneous single crystals of eitheangle neutron scattering experimefp&6]. These solutions
twin, separated on a millimeter scale, on application of largewere prepared by mixing dt=60-70 °C, followed by sev-

amplitude oscillatory shed21]. eral days storage in a refrigerator.
We have previously investigated the effect of large-
amplitude shearing on cubic phases formed in concentrated B. Light scattering

solutions of diblock EB;g in 0.2 M K;SQO,, using SAXS oo . : .
with simultaneous rheologh22]. Salt was added to change Static light scatteringSLS) Intensities were measureq by
the region of stability of the gel phase in the phase diagram',‘nelar.'S %f a B.rc(j)okh?vfe]n E;I'ZOOSEM mﬂs“tr_un;eént with verlt_|c§\IIy
[23]. Both fcc and bee phases were observed in this syste}0'a/1Z€d INCl ent light of wavelength =488 nm supplie
depending on concentratigim the range 25—-40 wt Y%and y an argon-ion Ia}se(quherent Innova QQOperated at 500
temperaturg 22]. For polymer concentrations less than 30 mW or less. The intensity scale was calibrated a}galnst ben-
wt %, only a fcc phase was observed. However, at highefene: Measurements were ‘made at a scattering afigle
concentrations, a bce phase was observed at ambient tern.20°- Dynamic light scatteringDLS) measurements were

eratures, up to a transition to a high temperature fcc hasg]ade under similar conditions by means of the instrument
D P g P P described above combined with a Brookhaven BI-9000AT

the transition temperature increasing with polymer concen= =~ )
tration. A hexagonal-packed rodlike micellar phase is formedfigital correlator. Measurements of scattered light were made

in the same system at temperatures above about 75 °C, affjan angle of 90° to the incident beam. Experiment duration

we have also investigated the effect of large-amplitude sheat¥@S in the range 5-20 min, and each experiment was re-
ing on the orientation of this structuf@4]. Changes in the peated two or more times. The applicability of these methods

dynamic shear moduli upon application of large amplitudeto micellar splutions of the type under investigation was dis-

shear were compared to the global orientation of the systergUSSed previousi}80-32. Glassware was washed with con-

via simultaneous rheology and SAXS experiments. lensing acetone vapor before use. Sollutlons were clarified by
In this paper, we first present results from dynamic andiltering through M|II|pqre Millex filters ('tr'lton free,

static light scattering experiments on copolymegHs, in 0.22-mm porosity, s_omet|mes 0.1-mm porojitirectly into

0.2 M K,S0,, where this salt solution was chosen to enablein® ¢leaned scattering cell.

. ; The correlation functions from DLS were analysed by the
eventual comparison with other results f copolymers ) ; o
in the same sFt)aries with constant B blocgﬁlﬁlgﬁqploy[ZZ— constrained regularizedoNTIN method[33] to obtain distri-

29]. Dynamic light scattering provides the micellar hydrody- butions of decay rated”). The decay rates gave distributions

. . . . _ 2
namic radius and the mutual diffusion coefficient, wheread’ app;;trentt mutu?]l d|ffu_5|ohn C()feff|c]er[1p%pp_ ngh’ q I
static light scattering yields the thermodynamic radius and” (4mn/\)sin(9), whereniis the refractive index of the sol-

micellar association number. SAXS experiments on gely€Nt A is the wavelength, andis half the scattering angle

formed by this copolymer subjected to shear are then dis! NUS the apparent hydrodynamic radiug £, the radius of

cussed. We have investigated systematically the extent 6pe hydrodynamically _equiva_llent hard Sphefe co_rrespon(_ding
orientation on increasing the rate of steady shear, applied iff Dapp could be obtained via the Stokes-Einstein equation
a Couette cell by measuring SAXS patterns. We have previ- e —KkT/(677D 1
ously reported simultaneous SAXS-rheology experiments on h.app (677D app), @

this systen25] and SANS measurements on gels subjected . . . .
to steady shear, up to much higher shear rates than possiﬁt'r]@erek is the Bolizmann constant anglis the viscosity of
e solvent at temperatufe

in the SAXS-rheology experimenfg6]. In these papers, the . ; .
mechanism for orientation of the bcc cubic phase was eluci- 'It;he baS|s_ for_ anrz]ily?s of SLS was the Rayleigh-Gans-
dated, and it was found that [411] direction of the bcc Debye equation in the form
structure aligns along the shear direction, with multiple twin- N
ning of (110 and(211) planes around this directidi25,26]. I =1s=K*cMy, @
Here we present evidence for a critical shear rate for macro-

scopic alignment of the bcc gel. In addition, the nonlinearwherel is intensity of light scattered from solution relative to
rheology of such a gel is investigated, and evidence for slighat from benzenel is the corresponding quantity for the
or slip-stick mechanisms of flow in the bcc lattice at largesolvent,c is the concentratiofin g dm 3), M, is the mass-

shear strain amplitudes is presented. average molar mass of the solute, and
IIl. EXPERIMENT K* =(4m?INa\*)(n3/Rg)(drVdc)?, €)
A. Materials

whereN, is Avogadro’s constantig andRg are the refrac-
The synthesis, by sequential anionic polymerization, andive index and Rayleigh ratio of benzene, respectively, and
characterization of the diblockgEB;o has been described dn/dc is the specific refractive index increment. Values of
elsewherg25]. It has a narrow molecular weight distribu- dn/dc and its temperature increment were taken from previ-
tion, M,,/M,=1.04 determined by gel permeative chroma-ous work[23], where the sources of other quantities neces-
tography(GPQ based on poljoxyethyleng calibrants. The sary for the calculations were given. It is noted that the
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FIG. 1. Top view of the Couette cell showing the two geom- ™ 3
etries for the SAXS experiments. Heweis the velocity (sheay 3gdm
direction, Vv is the shear gradient direction, aeetvX Vv is the ) L )

neutral(vorticity) direction.(a) (g, .qe) plane,(b) (qy .ge) plane. -1 0 1 2 3

log, o(1y, ) (M)

intensity fraction

refractive indices of polfoxyethyleng and polyfoxybuty-
lene are very similar, making correction for refractive index

i FIG. 2. Results fronToNTIN analysis of DLS data for solutions
difference unnecessary.

of EggB1p at 20 °C at the concentrations indicated. The dotted line is
. data for the 3 g dm® solution at 45 °C.

C. Small angle x-ray scattering

~ SAXS experiments at the European Synchrotron Radiametrics RSA Il rheometer. The quantiti€s (storage modu-
tion Facility (ESRF were performed on the high brilliance |us) and G” (loss modulus are defined in the linear vis-

beamline(BL4). Further details of this instrument are Pro- coelastic regime' where the stress is g|ver[W|
vided elsewher¢34]. Pinhole optics were employed to col-

limate a monochromatic incident x-ray beamavelength o=G'Agsin(wt) + G"Aycoq wt) 4
A=1 A) to a cross section 0:20.2 mnt at the sample posi-

tion. The SAXS patterns were recorded on a two-for a sinusoidalfrequencyw) input strain of peak amplitude
dimensional gas detector in an evacuated tube. The detectbp

was locatd 3 m from the sample. Samples were sheared in a .

homemade Couette cell, made of polycarbonate, that is de- A=Agsin(wt). ®)

scribed in detail elsewheq@5]. The rotor is the outer cylin- In addition, nonlinear viscoelasticity was investigated as fol-

der (the inner diameter of the rotor is 21 mand the size of . .
. . lows: The voltage output signal from the force transducer,
the annular gap between both cylinders of the cell is 1 mm,_ "~ . : :
roviding a measure of the stress, was obtained along with

The cell is mounted on a motorized translation stage whic he i ; :
e input strain wave form and captured using a LeCroy

allows the sample to be _allgned In-any b_eam po_smon_ be?3310A digital oscilloscope. The captured wave forms were
tween the so-called radial and tangential configurations

(Fig. 1. Denoting the incident wave vector by, (|| 2lfacl)ind|splayed as Lissajous figures of force versus applied
=47sind/\), the radial orientation correspondsdg parallel '

to Vv, the velocity gradient direction. The tangential con-

figuration corresponds tqq parallel tov, the shear velocity lll. RESULTS AND DISCUSSION

direction. The third directioe= VvXv is the vorticity direc- A. Dynamic light scattering

tion. These two configurations provide the SAXS pattern in
two orthogonal planes in reciprocal space, namety,,qc)
and @Qv,ge). The temperature of the Couette cell was con-
trolled via a water bath, being stable 100.5 °C, following
equilibration at the set temperature.

SAXS experiments were also performed at LUREDb-
oratoire pour I'Utilisation du RayonnementidEtromagne
tique), Orsay, France. Beamliri®24 was used with an x-ray
wavelengthh=1.49 A, and a camera length of 2.5 m. Dif-

A measure of micellar size is provided by the hydrody-
namic radius, extracted from DLS measurements on the gels.
These measurements have the advantage that the micelle size
is measured directly in the gel phase rather than in a dilute
micellar solution. Results from DLS experiments for solu-
tions of the copolymer in 0.2 M SO, solution at 20 °C are
shown in Fig. 2, where they are presented as plots of inten-
sity fraction against the logarithm of the apparent hydrody-

fraction patterns were recorded using Fuji image plates, rea'aam'i égcj&l\us, IO%(rh'apf[)' _'I;_he fsmgle”pea_lks cetntered hc'mh
on a molecular dynamics image plate scanner. Samples wel@ans™ are characteristic ot miceties In systems whic
sheared in a Couette cell similar to that used at the ESR ndergo a closed association. The broad distribution found

This device is restricted to operation at room temperature. for the lowest concentrations u_seBI 9 dm ) IS .typlcal of
the response of theoNTIN analysis to a distribution affected

by micellar dissociation. The dotted curve in Fig. 2 is the

distribution found for the 3 g di solution at 45 °C. The
Measurements of the dynamic elastic shear moduli wer@arrowed distribution at this temperature, at which the sol-

performed on a gel containing 32.5%4B, using a Rheo- vent is poorer, is consistent with limited micellar dissocia-

D. Rheology experiments
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TABLE |. Micellar characteristics from dynamic light scatter- 10
ing: copolymer BBy, in 0.2 mol dn® aqueous KSO,. Estimated
uncertaintiesD o, andry,, £5%; &y, £15%. -
o0
TI°C Dopf10" 1t m?s ! rolA S e
20 2.4 84 25 — 5
30 3.2 83 19 )
45 4.4 85 14 2
=)
=
tion. The critical micelle concentratiof€MC) at 25 °C will | | ‘
be less than 0.2 g dni, based on a recent correlation be- 00 20 0 0
tween CMC and B block length for B, diblock copoly- ¢ (g dm™?)

mers in water[37], whereas the critical gel concentration

(CGQ) is at 16 wt % copolymer. The results in Fig. 2 con-  FIG. 3. Debye plot of the concentration dependence of static
firm that the hydrodynamic radius does not vary on passingight scattering intensityat 20 °Q, following Eq. (6).

from a micellar sol to a gel.

As can be seen in Fig. 2, the peak position is not verygyration estimated from the hydrodynamic radii of Table I,
sensitive to concentration, which is consistent with the saltvere ~80 A; hence any effect of destructive interference on
solution being a poor solvent for the pébxyethyleng¢  the Debye function calculated from scattering at 90° can be
blocks. Accordingly, values of the micelle diffusion coeffi- safely ignored.
cient were equated witD ,,, measured at=9 g dm?3 ie., Use of Eq.(6), truncated to the second term, to measure
a low concentration at which the copolymer was well micel-the molar mass of the micelles is not satisfactory for the
lized (see Fig. 2 These values are listed in Table I, togetherpresent system. There are two reasdismicellar dissocia-
with values ofr}, calculated from Eq(l), and corresponding tion at low concentrations may cause an upturn in the Debye
values of the hydrodynamic expansion factors, ( plot; and(ii) micellar interaction at moderate concentrations
=v,/v,,). The volumer, is the hydrodynamic volume cal- causes a curvature of the Debye plot across the whole con-
culated fromr, for spherical geometry, and, is the anhy- centration range. These features are illustrated in Fig. 3, the
drous volume of a micelle calculated from the micelle molareffect of micellar dissociation being small but clearly seen in
mass M,,; see Table Il for results from static light scatter- the data for solutions at 20 °C. Given the curvature in the
ing) and the copolymer densitp(1.10 g cm ®). As can be  plots, the data were extrapolated to zero concentration from
seen, the hydrodynamic radius is insensitive to temperaturéhe moderate concentration range guided by the theory of
an effect attributed many years a§88] to compensation scattering from uniform hard spherg®)], making use of the
between an increase in association numiéy)(and a de- Carnahan-Starling equatio@l]. Details of the procedure
crease in hydrodynamic expansion fact@,) as tempera- can be found elsewherf23,30-32. Fitting the data(as
ture is increased and the solvent becomes poorer. It can Ishown in Fig. 3 requires the density of the anhydrous co-
assumed that the former reduces draining of solvent througpolymer and two adjustable parameters: the mass-average
the micelle fringe, while the latter reduces the extension ofnolar massM,, and the thermodynamic expansion facfpr
the blocks in the fringe. The effect has been found for manydefined as the ratio of the thermodynamic volume, (one

other block copolyethers in aqueous solutj@3,30,39. eight of the excluded volumeo the anhydrous volumev):
6,=vlv,. Values ofM,, and &, are listed in Table II, to-
B. Static light scattering gether with association numbers of the micelles calculated
. . . . from
For a nonideal, dilute, solution of particles, the Debye
equation can be written N,,=M,,(micelle)/M,(moleculg, (7
K*c/(1=1¢g)=1/M,+2Ac--- , (6)

using a value oM, (molecule)=4700 g mol®. Also listed
in Table Il are values of the thermodynamic radius calculated

whereA, is the second virial coefficierthigher terms being from the thermodynamic volumé.e., from v,= 8,v,)
€., NE

omitted from Eq(6). As written, the equation assumes small
particles relative to the wavelength of the light. Radii of _
C. Small-angle x-ray scattering
TABLE Il. Micellar characteristics from static light scattering: SAXS patterns in thed, ,q.) plane from a 35 wt % gel
copolymer EgByo in 0.2 mol dmi 2 aqueous KSO,. Estimated un-  under shear at 25 °C are shown in Fig. 4. The diffraction
certaintiesN,,, 15%;M,, and 6, +10%;r, +5%. patterns contain reflections in the positional ratio’2y3.

This is consistent with the bdspace groupm?m) structure

e M/107* g mol™ Nu o /A observed for block copolymer melts and surfactant micellar
20 0.65 14 35 43 solutions. The first order peak is centered af
30 0.85 18 3.5 47 =0.055 A1, close to the value previously reported for a 30
45 1.25 27 3.2 52 wt% gel of EKgBiyg in 0.2 M K,SO, at 25°C @*

=0.056 A~1) [26]. From this value ofg*, the bcc lattice
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q. (A1)

1(¢p) (arb. units)

0.08

¢ (degrees)

FIG. 5. Azimuthal intensity profiles obtained from SAXS pat-
terns for the 35 wt % gel at 25 °C in thg,(,q.) plane while shear-
ing at shear ratey/s *=(a) 5, (b) 10, (c) 50, (d) 200, and(e) 500.
Successive profiles have been shifted upwards for clarity. The break
near¢=180° results from the beamstop.

At low shear rates, the diffraction pattern exhibits a weak
twofold anisotropy{Figs. 4a) and 4b)]. This is shown quan-
titatively by the azimuthal intensity profiles in Fig. 5. These
were obtained by integration of the patterns in Fig. 5 in a
narrow circular band centered gff. Patterns in Fig. 4 and
parameter is estimated as=162 A [42]. Assuming a bcc profiles in Fig. 5 indicate that sharp Bragg peaks first de-
packing fraction® =0.68[43], this yields a micellar radius velop at a shear ratg~50 s %, and then continue to sharpen
R=70A [42], in good agreement with the hydrodynamic up to the highest shear rate accessgd 500 s%. In oscil-
radii obtained from DLS and listed in Table I. Within the |atory shear, previous results from simultaneous SAXS-
assumption of a uniform hard sphere structure, made in anaheology experiments indicate that macroscopic alignment of
lyzing the SLS data, the radius of gyration in dilute solutiong gel of EgB;,in 0.2 M K,SO, (40 wt % polymey occurred
is obtained as = \/3/5r, at 20 °C, in substantial agreement at a strain amplitude\,=100% at a shear rate betweén
with the value for the gel. Correspondence betwegfdilute  =1.6 and 16 s*. The lower critical shear rate in this case
solution andR (gel) has been noted for other micellar sys- may reflect either a different mechanism of alignment during
tems[15-19. As reported previously for other block copoly- oscillatory shear versus steady shgawwever, the ultimate
mer systems in aqueous solutiofesg., Refs[23,44), the  aligned structure has the same symmetry, at least for the
thermodynamic expansion factéyis a satisfactory predictor projection accessed via SAXS patterns in the,f.) pland.
of the critical gel concentration. Using the valde=0.68, More likely, this simply reflects the higher susceptibility of
the critical volume fraction of copolymer for gel formation at more concentrated gels to shear, as discussed elsewhere
25 °C is 0.686,=0.19, corresponding to 20 wt %. This com- [22,25]. The critical shear rat¢~50 s * corresponds to an
pares with 16 wt % found in our laboratory for a related associated relaxation time~20 ms, assuming a Deborah
copolymer, nominally BB, in the same solvent, for which numberD =1.
we find 6,=4.3 by static light scattering. The basis of this  Patterns with the same symmetries as shown in Fig. 4
prediction of the cgc is tha#; is constant over a wide con- have been discussed in detail elsewhg26,26, and we
centration range, but not necessarilyandM individually. merely outline here the indexing of the patterns to an aligned

This leads to the following interesting observation for so-structure. At low shear rates, the patterns contain iftheg
lutions and gels at a fixed temperatu@s °C). In the gels reflections oriented along the meridian. This indicates that
studied(35 wt % copolymer, gel density 1.035 g cfrbased  the {110 planes in this direction are predominantly oriented
on volume additivity the mass per unit cellvolume in the (v,Vv) plane, although the presence of significant in-
4.25x<10° A3) is 4.4<10 '8 g, hence the mass per micelle tensity around the ring indicates that the sample is by no
(two micelles per unit cellis 2.2x10 8 g, i.e., a micellar means a monodomain. This is also evident from the presence
molar mass in the gel of 1:310° g mol™L. The correspond- of {200 reflections centered on the equaf6igs. 4a) and
ing value in dilute solution is 0.7810° g mol™ ! (from static ~ 4(b)], which are assigned to separate grains in WHRBO:
light scattering, see Table)]las increase in micellar mass of planes are oriented in the,€) plane.

a factor of 17 or so. Such an increase of micellar mass on At higher shear rates, the pattern shown in Figl) 4le-
passing from micellar solution to gel has not, to our knowl-velops. As confirmed in Fig.(8), this comprises two meridi-
edge, previously been noted. It presumably reflects the flexenal reflections, with four stronger reflections oriented at
ibility of the system which is inherent in the dynamic equi- +55° with respect to the meridian. The change of macro-
librium between micelles and molecules. As the mass obcopic alignment of the sample evidenced by Figs. 4 and 5
copolymer increases, the packing constraint on small miwas shown to be reversible. This is illustrated by the azi-
celles becomes too large, and the micelles increase in radiusuthal intensity profiles shown in Fig. 6. Following shear at
and mass. y=5s1, twofold anisotropy was restored, and again, above

FIG. 4. SAXS patterns obtained in thej,(q.) plane while
shearing a gel with 35 wt %dgB1,in 0.2 M K,SO, (T=25°C) at
shear rateg/s '=(a) 5, (b) 10, (c) 50, and(d) 100.
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1(¢) (arb. units)

FIG. 8. Indexing of SAXS patterns in they(,q.) plane ob-
tained from the bcc phase oriented at high shear rates[THH
¢ (degrees) direction is oriented along the shear direction. The patterns shown
in Fig. 7 result from a superposition of patteri@s and (b).

FIG. 6. Azimuthal intensity profiles obtained from SAXS pat-
terns for the 35 wt % gel at 25 °C in the(,q.) plane while shear- . .
ing at shear rates/s '=(a) 5, (b) 50, (c) 100, (d) 200, and(€) 500 critical shegr rate in theg@ ,0e) plane resem_ble those re-
(second sequence of shear rate steps, cf plots for first sequenceR@rted earlier, and are indexed on the basis of a twinned
Fig. 5. Successive profiles have been shifted upwards for clarityStructure in Fig. 8. In particular, the twinning plane is per-
The break neatp=180° results from the beamstop. pendicular to(110)-type planes, and the twins are oriented at

35.3° with respect to the shear directid11]), being indi-

cated by the 110 reflections at this angle with respect to the
[111] direction in Fig. §a). This model also indicates that

110 planes are stacked along the shear gradient direction.
"his orientation of a bcc phase has been reported previously

a critical shear rate/~50 s !, sharp Bragg reflections de-
veloped, with two on the meridian and four off-meridional
reflections as obtained in the first sequence of shearing e

periments. for a diblock copolymer copolymer melt oriented by recip-
In contrast to earlier work25,26], shearing using a Cou- rocating shea[6]p y poly Yy p

ette cell enabled SAXS patterns to be obtained in two or- We now consider the nonlinear flows that lead to the mac-
thogpnal p'?”es' _and r_epresentative patterns from the .“tar}'oscopic alignment of the bcc gel. Rheology experiments
g_entlal configuration,” i.e., th_eo_(v ,Qe) plane, are shown in were conducted by applying oscillatory strain to a gel in the
Fig. 7. At low shear rates, this |n(_j|cates weak fourfqld SYM-rheometer al = 20 °C. Voltage signals corresponding to the
metry, at Igast of the{_ZOO} reflections, as.apparent in Fig. input sinusoidal strain and the output transducer fdpe-
7(a), resulting from slip of these planes n the, Yv) an_d ortional to stregswere collected by a digital oscilloscope.
(v,e) planes. At shear rates above the critical value, sixfol igure 9 presents representative results for a 33 Wi3B 5
gel subjected to shear at a frequeney 100 rad s2. In this
lﬁgure, the stress and strain wave forms are plotted for three
eriods of oscillation on the left-hand side, while Lissajous
igures of the corresponding data are presented on the right-
hand side. All plots are rescaled to give common axis ranges
in each plot for force or strain. Viscoelastic behavior is ex-
bited at a strain amplitudé,=0.5% (top), the force is
ssentially sinusoidal, and the Lissajous pattern is concen-
ftated in one direction. In contrast, at strains as lowAgs

ments on the symmetry of patterns in they(q.) plane

leads to an interpretation of the diffraction patterns from th
aligned gel that is subtly different to that previously reported
[25,26. As in these earlier reports, th#&l1] direction of the

bcc phase orients along the shear direction, and a twinn
crystal is produced. The patterns from the current steadg
shearing experiments indicate that the shear direction is

sixfold symmetry axis, whereas it was previously |dent|f|ed:2%’ the force is out of phase with the input strain, and the

as a threefold axi$25,26. In the present case, diffraction Lissajous pattern is an elliptical shell. Ab=10%, the mea-

pattems provide direct evidence for the symmetry in thesured force becomes strongly nonsinusoidal, with higher har-

(dv.Qe) plane. Meanwhile, the patterns obtained above th(?nonics apparent in the wave form. In the alternative Lissa-
jous representation, the pattern becomes lozenge shaped
(where we adopt the notation of R¢#45]) with evidence of
slip toward the extrema of the figures; i.e., at the largest
strains the force is essentially independent of strain. Slip is
even more dramatically illustrated at higher strain, (
=50%, bottom where the force is independent of strain
! over a large part of the cycle. However, at the extrema of the
' Lissajous figures, the forcéstres$ becomes an increasing
function of strain, corresponding to strain hardening. We re-
fer to the resulting Lissajous figure as a “bow-tie” pattern.
The combination of slip for part of a strain cycle, with strain
hardening at the extremum of a cycle, suggests that a stick-
FIG. 7. SAXS patterns obtained patterns for the 35 wt % gel aSlip mechanism operates at high strain amplitudes. Lozenge-
25°C in the @v.g.) plane while shearing at shear rates shaped patterns were not obtained at lower frequencies (
yIs 1=(a) 4 and(b) 800. =10rad s1) even at large strain amplitudes. In fact, the

-0.12
-0.12

q. (A1)

0.12
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force/arb. units

force
(arb. units)

0.00'5 strain

0}02 strain

-0.1 e Ok OI. 1 strain

FIG. 9. Nonlinear viscoelasticity exhibited by a 33 wt % gel gif, subjected to oscillatory strain deformationaat= 100 rad s and
indicated strain amplitude&, (T=20 °C). Left: voltage output by rheometer corresponding to applied sfiiiéd 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 form data
presented in the form of Lissajous figures.

observation of Lozenge-shaped Lissajous figures wat Which based on SAXS experiments occurs in 140
=100 rad s* for large strain amplitudes corresponds to theplanes in thg111] direction.

condition for macroscopic alignment of the sample, as indi- We interpret our results based on the approach of Ref.
cated by SAXJ25]. We thus tentatively associate the criti- [45], whose authors employed a lattice model to analyze the
cal shear rate for macroscopic sample alignment with theiscoelasticity of alhexagonal micellar phase formed by a
onset of a slip-stick mechanism of flow in the cubic lattice,block copolymer. They developed analytical theories that
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o ments of the viscoelasticity of a PS-PI-PS triblock copoly-
mer in a selective solvent. In addition, the nonsinusoidal
3 stress response was described as a Fourier series, with ex-
1 2 pansion coefficients defining harmonic dynamic moduli.
However, they were not able to correlate the nonlinear vis-
coelastic response of the gel to any specific flow behavior
transitions, because structural characterization was not un-
0 , dertaken.

Based on our measured mutual diffusion coefficigjats
infinite dilution) D 5~ 10° A2 s7%, the time taken to diffuse
over one unit cell area is-10° s, which is two orders of
< < magnitude smaller than the relaxation time associated with
the critical shear rate~20 ms. From this we conclude that
shearing above the critical shear rate leads to a structural
relaxation which involves a large number of unit cells, and

. : .__.indeed this is consistent with the proposed stick-slip mecha-
FIG. 10. Sketch of the “bow-tie” stress-strain pattern obtained ..

for large amplitude shear strains, indicating the transient phase be-~
havior (short timeg, and the resulting steady state cycle.

Y
A 4

IV. SUMMARY

can describe complex Lissajous figures with strain softening 11q eoffect of steady shear on the bcc phase formed by a
features, or lozenge shapes at large strain amplitudes, oyyethyleng-poly(oxybutyleng diblock copolymer in

(whether these are obtained also depends on strain freg,jequs salt solution has been investigated using SAXS. Mi-
quency. This theory was developed tp accpunt fpr the COM-callar dimensions were provided via stafiicellar thermo-
plex flows observed via cell dynamics simulations of thedynamic radius and association numband dynamic(hy-

block copolymer hexagonal phase subjected to oscillatoryqqynamic radius and mutual diffusion coefficieright
strain deformation or to a step-strain deformatjd6]. We  gqatering. The micelle mass in the gel is found to be much

expect that the essential physics of this two-dimensional latf, yer than that in the dilute state. In the SAXS experiments
tice model will be applicable to three-dimensional cubic, iy, i sity shearing in a Couette cell, a critical shear rate
phasegbecause only two dimensions are relevant to sheary~ 50 s~ for macroscopic alignment of the cubic phase was

flows). However, Ohtaet al. [46] did not consider "bow- qpqereq. This value is somewhat larger than that obtained in
tie” patterns in their gnalytlcal model, although therg 'S earlier experiments on the same system using oscillatory
some evidence for their existence at large strain amplitudeg, e a7o5] This is possibly due to the effect of strain ampli-
in the cell dynamics simulatior{g6]. We focus on the bow- y4e "which is infinite for steady shear but finite for oscilla-
tie pattern qbtamed at 'the highest strain amp'lltlaElrg.'g, tory shear. A detailed study was made of the effect of strain
bottom, which can be interpreted on the basis of Fig. 10.mpjitude in oscillatory shear rheology experiments. The on-

:Durlng_thi trgnsulent_ deve_l(;]pmerr]]'; (r)]fﬂstre(se, initially all 1, Set of nonlinear viscoelasticity was manifested in “lozenge”
ayers in the bcc lattice, within which flow occurs, start with ¢« tie” shaped Lissajous figures of stress as a function

approximately zero displacemef@tt the point labeled)0and of strain. It is proposed that this results from a stick-slip

the strain amplitudé =0, the layers then follow the increas- o hanism of flow of lattice planes in the cubic structure.
ing strain. However, at the point indicated as 1 in the steady

state cycle, slip commences and the force is independent of

strain. This continues up to point 2, where the fo(sees$ ACKNOWLEDGMENTS

begins to increase with strain, indicating strain hardening.
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