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Nonhomogeneous textures and banded flow in a soft cubic phase under shear
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We report evidence for two distinct strain-induced orientation transitions in a lyotropic bcc cubic crystal
submitted to increasing shear rates. The crystal is built up from copolymer spherical micelles in a selective
solvent. The distribution of orientations is characterized by x-ray diffraction: in the two oriented states, the
dense(111) rows align along the flow, but they differ from each other in the orientations of the dense layers
with respect to the shear plane. These orientation transitions have clear rheological signatures in the form of
two stress plateaus each associated with the coexistence of two states of orientation. We compare this behavior
with the well documented shear-induced orientation transition in wormlike micelles.

PACS numbegs): 82.70.Dd

INTRODUCTION 17] under shear with a characteristic shear rate The me-
) ) ] ] chanical signature is the onset of a stress plateay awhere
Since the pioneering studies of Clark and AckerEbA3]  the stress abruptly becomes independent of the shear rate.
in the early 1980s, it has been known that, when colloidalOptical birefringence as well as neutron scattering revealed
crystals are sheared, they often undergo a structural transhe following. Belowy; the wormlike micelles behave like
tion such that dense layers are arranged to minimize the Ies3nq1ed polymer coils in a semidilute solution. Aboxe
sistance against flow: the close packed direction aligns panq thys in the plateau region, a birefringent band of strongly
allel to the flow direction and the planes of highest densityyiented micelles appears in coexistence with the nonori-
stack parallel to the shear plane. The regime for which th@nted entangled low-shear structure. The portion of the new
applied shear rate induces such an alignement of the deng@ear-aligned structure increases with the shear rate until the
planes is referred to as the layer-sliding regime, as the layeigntire volume is filled up by the new structure: this behavior
can glide past each other and thus accommodate the shegranalogous to that of a “first order” orientation transition.
stress. On the other hand, the mechanical response associagtéess plateaus associated with banded flows have also been
with such shear-induced alignment is to date much less weheported for other self-assembling systems having com-
documented4,5]. In one casg5], nevertheless, scattering pletely different microstructures: smectic swollen lamellar
data collected together with rheological measurements regghase$18] and giant highly deformable vesiclg®9] in sur-
vealed that a nonmonotonic evolution of the stress respondactant systems. Hence this flow mechanism seems very gen-
to increasing rates could be unambiguously assigned to agral.
orientation transition. But colloidal crystals often have large In the present article, we investigate the structure and me-
lattice spacinggon the micrometer scaleand as a conse- chanical response of a micellar cubic phéseo) in an aque-
quence the shear moduli and the yield stress are very low anglus triblock copolymer solution submitted to shear. We ob-
difficult to measure in conventional rheometry. More re-serve not only one but two separate orientation transitions
cently, block copolymers either in melts or in selective sol-upon increasing shear rates. The first is from a disoriented
vents were reported to self-assemble into spherical micellegolycrystalline texture to a fully oriented twinned bcc crystal
which under appropriate conditions pack into similar crystal-with the line of highest particle density along thEL1) di-
line structure§6—-8]. Depending on the relative sizes of the rection parallel to the velocity and tH{811} planes parallel
dense core and the swollen corona of the micelles, ruling theo the shear plane. At still higher shear rates a second tran-
interparticle interactions, either fcc or bce crystals are obsition occurs to another fully oriented pattern again with the
tained with lattice spacings of the order of 10 nm. Theirdense directiof111) parallel to the velocity and thfl 10
mechanical stiffness is more suitable for rheometry. Orientaplanes parallel to the shear plane. These orientation patterns
tion under shear has been observed by neutron or x-ray ditare evidenced from x-ray scattering under shear using a spe-

fraction several timef9—12]. cially designed Couette cell. X rays further show that, at the
In a different context, banded inhomogeneous flows haveates where distinct patterns coexist, they are organized in
been reported frequently in wormlike micelle solutigd8—  space into bands parallel to the shear plane. As in wormlike

micelle solutions strong shear thinning occurs. However, we
observe not only one but two stress plateaus in the flow
*Authors to whom correspondence should be addressed. Elecurve. They correspond to two coexistences of differently
tronic addresses: porte@gdpc.univ-montp2.fr, eiser@gdpc.univeriented dense planes. This implies that both transitions are
montp2.fr shear thinning, the high-shear state being more fluid than the
TGDPC is “unite mixte de recherche CNRS/UMII No. 5581." low-shear one.
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1900 e All diffraction data are obtained at line ID2 at the Euro-
g 3 pean Synchroton Radiation Facility using a Couette cell
g * 1 transparent to x rays, rotated at controlled speed by a dc-
i PP current electric motor. No device is used to measure the
F 1 -~ ] torque, so the average shear rate is monitored but not the
1700 : / E stress. The radius of th(_e ce_II is 10 mm and 'ghe width of the
g / 1 gap is 1 mm. Due to this width to radius ratio, the stress is
1 not constant through the gap but increases monotonically by
/ ] 20% from the outer toward the inner wall. As a consequence,
i / 3 the strain rate is not homogeneous either: therefore all shear
g 1 rates reported hereafter for the scattering cell are average
1500 b shear rates calculated from the velocity of the rotating inner
1 10 100 1000 bob. The radial geometryvith the x-ray beam parallel to the
-1 velocity gradient and the tangential geometfy-ray beam
rate (s ') yeracity ;
impinging the Couette gap tangentially, and thus parallel to

FIG. 1. Shear stress versus shear rate for the 46% sample Hi€ Velocity were used. Moreover, the narrow width of the
20 °C. beam(~150 um) allows one to explore the 1 mm gap slice
by slice in the tangential geometry. The x-ray wavelength
was 1 A with a resolutioPAA/\=0.01, and a sample to
detector distance of 4 m.

The cubic phase is obtained from a triblock copolymer At high shear rates, we could not prevent interfacial in-
commercially available from SERVA under the name Syn-stabilities which quickly ruined the homogeneity of the
peronic F68: (EO);5(PO),o-(EO)76 Where EO is ethylene samples(proliferating bubbles To avoid this difficulty, we
oxide, and PO is propylene oxide. With no further purifica-first checked carefully that with shearing at any rate the
tion we produce solutions in pure water at suitable concensteady state of orientation was reached after a short time only
trations (all data shown are taken from 46 wt. % probes (ten to twenty strain units at mgsiScattering patterns taken
Water acts as a selective solvent: at low temperatures, typwhile shearing at any given steady rate and after abrupt ces-
cally 5°C, all chains are solvated. As the temperature is insation of shear are identical. This allowed us to measure all
creased, however, water becomes a less good solvent for tepectra at rest right after having presheared the sample at the
PO middle block and the copolymer self-assembles intaate of interest for a short time only: the scattering patterns
spherical micelles with a dense, water-free PO core and so obtained are entirely determined by the latest preshear rate
hydrated EO corona. At polymeric concentrations above 4@&nd insensitive to the previous shear history of the sample
wt. %, a liquid to solid transition is observed when coming[20].
from low to room temperature. Small angle x-ray diffraction  After crystallizationin situ, a sample that has never been
reveals that this solid phase is of polycrystalline body-sheared shows spherically averaged powder diffraction sig-
centered cubic structure. Crystallization upon heating easastures(not shown herecorresponding to a bcc lattice with
the sample preparation, so the shear cell is filled up witha unit cell of 74 A. After shearing at low rat¢4.6 s * in
solution at low temperature and brought to the desired temFig. 2), below the first stress plateau, the diffraction patterns
perature afterward. Thus we get crystallized samples thadtill indicate a polycrystalline texture but with a weak pre-
have not been submitted to any irreversible plastic deformaferred orientation: the scattered intensity along the Bragg
tion before measurement. ring is not completely isotropic but reinforced along banana-

The rheological behavior is measured using a stress coiike patterns corresponding to the orientation distribution of
trolled rheometelPhysica UDS 200in the cone-plate ge- the microcrystals. At the other extreme situation, after very
ometry (the plate diameter is 50 mm with an inclination high preshear rated865 s * in Fig. 3@)], the scattering in
angle of 1j. The flow curve in Fig. 1 is obtained by applying the radial geometry consists of sharp dots revealing very
a relatively low stress to the unsheared polycrystallinestrong orientation, belonging to the ordered bcc crystal with
sample. The stress was then increased in steps of 1 Pa. Tié A lattice sizefindicated by the “1” in Fig. 3a)] and its
strain rate was measured after 4 s, which proved to be sufftwin structure(Bragg spots labeled with’ L The pattern seen
cient to reach the steady state. The flow curve clearly shows the tangential geometiyFig. 3(b)] also shows strong ori-
two distinct ranges in shear rate over which the stress almosgintation around th& axis, which is here perpendicular to the
completely levels off and saturates. The first plateau spandiffraction pattern in theqgy-q, plane. These two patterns
the rate range from 6 to 40 $and the second one from 130 reveal a homogeneous orientation of the bcc lattice with the
to 400 s*. It is interesting to note that the two plateaus aredense(111) direction parallel toV and the densg110}
extremely close to one another in terms of the value of theplanes parallel to the shear plang{q,): this is the well
total stress: at 1740 and 1785 Pa, respectively, and thus wilthown layer-sliding regime first reported by Ackerson and
a relative stress separation of only 2.5%. Within each ofClark [3].
these plateaus, we expect two distinct structural organiza- The scattering patterns obtained in the radial geometry
tions of the sheared material to coexist in the gap, each ongfter preshear at rates in between the above extreme cases are
having a different effective viscosity. The presence of twoshown in Figs. 4)—4(c). At 16 s %, right in the first stress
plateaus implies that three different textures should appegslateauFig. 4(a)], two ellipsoidal reinforcements appear, lo-
successively at increasing stresses. To investigate this aspecéted vertically on the first order ring, superimposed on the
we switch to x-ray diffraction under shear. weakly oriented diffuse distribution characteristic of lower

stress (Pa)

EXPERIMENTS AND RESULTS
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FIG. 2. Scattering pattern after preshearing at 16 &) Radial
geometry:V is horizontal and( is vertical; (b) tangential geom-
etry: VV is horizontal and} is vertical.

) o FIG. 3. Scattering pattern after preshear at 365 ) Radial
rates[compare Fig. @)]: we clearly have two coexisting geometry(the Bragg spots denoted 1 and dorrespond to twin
states of orientation in the gap. At 50'JFig. 4b)], we still  configurations of a similarly oriented bcc lattice completely sym-
observe the diffuse rings but they are very faint. The uppemetrical with respect to the velocity directid8]); (b) tangential
and lower ellipsoidal reinforcements are very strong and, irgeometry.
addition, we see the set of sharp dots characteristic of layer
sliding [as in Fig. 3a)]. So, at 50 s', we have the coexist- the inner wall. This is much larger than the 2.5% separating
ence of three distinct states of orientation. At higher rateshe two stress plateaus. Thus, the intermediate orientation
[160 st in Fig. 4(b)], within the second plateau, the diffuse state can only appear in combination with the disoriented
rings have completely disappeared but the upper and lowestate(16 s %) or with the layer-sliding statél60 s ) or with
ellipsoidal dots as well as the “layer-sliding” set of sharp both of them(50 s™%).
dots coexist simultaneously with roughly identical propor- Since the beam is very thifl50 um diametey, we can
tions. Only at very high rateg=ig. 2(a)] do we get a pattern resolve the states of orientation at different depths within the
almost completely dominated by the layer-sliding orientationgap thickness in tangential geometry, by simply moving the
alone. So, as expected from the rheological data, scatteringgll laterally relative to the beam in steps of 0.1 mm. To
data also reveal three distinct states of orientation. The pureharacterize the intermediate state of orientation, we show in
low-shear weakly oriented state and the pure layer-slidingFig. 5 the scattering obtained after 160'$n tangential ge-
state are, respectively, obtained at the lowest and highesimetry close to the outer wall of the Couette cell: at this rate,
rates. In principle, we should observe the pure intermediatéhe intermediate state coexists with the layer-sliding state
state(corresponding to the upper and lower ellipsoidal rein-[Fig. 4(c)]. But we expect it to be located in the region of the
forcements at the appropriate shear rate®—130 s'; see  gap where the stress is lower; that is, close to the outer wall.
Fig. 1). However, as mentioned above, the stress in the CouFhe hexagonal distribution of the intensity along the Bragg
ette cell increased by 20% when moving from the outer taings, together with the upper and lower dots on the first
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FIG. 4. Scattering pattern in the radial geomet: after 16

s 1, (b) after 50 ¢, and(c) after 160 s*.
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FIG. 5. Scattering pattern in the tangential geometry close to the
outer wall of the Couette cell after preshearing for 166.s

ring in the radial geometry, correspond to an orientation dif-
ferent from that of the layer-sliding stafeompare with Fig.
3(b)]: the dens&111) direction still remains along the veloc-
ity V(qgy) but the dense pland$10; are perpendicular to the

shear plane with their normal parallel to the vortidi;(qz).

In this orientation, the planes that align parallel to the shear
plane are th¢211} planes[see Figs. &) and &d) and com-
pare to Figs. @) and Gb)]. Furthermore, in the tangential
geometry, close to the inner wall where the stress is higher,
we indeed observe a scattering signature similar to that in
Fig. 3(b) indicating that this part of the gap is in the layer-
sliding regime. Similarly, we scanned the gap in the tangen-
tial geometry after preshearing at 50'sthe three distinct
states organized in bands as schematized in Fig. 7 were ob-
served one after the other when moving from the outer to the
inner wall, as suggested by the superimposed patterns seen in
the radial geometryFig. 4(b)].

DISCUSSION

Our investigation combining x-ray diffraction under shear
and rheometry reveals an unexpectedly rich sequence of ori-
entation patterns: not only do we find one orientation transi-
tion upon increasing rates but two successive transitions oc-
curring at very different rates but separated by a very narrow
difference in stresses. At low rates, a viscous polycrystalline
state fills up the gap; at intermediate rates, a first oriented
state is seen with thi211} planes parallel to the shear plane;
at high rates, we find a second oriented state with{1H}
planes parallel to the shear plane. In both oriented states, the
dense direction{111), is along the velocity. Such orienta-
tions were previously reported in asymmetric copolymer
melts by Koppiet al.[10] and in selective solvents by Ham-
ley et al. [21]. Here we show that these orientations corre-
spond to separate steady states. Provided the preshear is ap-
plied at the rate of interest for sufficient tinja few strain
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FIG. 6. (a) bcc lattice with &110 dense plane shadeh) Section of a bcc lattice along{a10 dense plane: high shear rate orientation
(300 s'Y). (0) bee lattice with a{211} plane shadedd) Section of a bec lattice along{211} plane: intermediate shear rate orientation.

units are in fact sufficienta reproducible state of orientation argued that such structural transformations happen in order
is seen, independent of the former shear history of theo make the flow easier and easier at higher rates. This pic-
sample(e.g., the polycrystalline diffraction pattern is rees-ture seems to apply here since the plateaus in stress imply
tablished, when a previously shear aligned sample is sheargsat, at both transitions, the state stable at higher rate has a
for a few seconds at shear rates below § sEach transition  |ower viscosity than the one for lower rates. It is also intu-
has a clear rheological signature in the form of a separatjvely appealing since oriented dense planes sliding on top
stress plateau in response to increasing rates. It is usualpf one another parallel to the shear plane obviously corre-

spond to an easier flow than a plastically deformed disori-

/Coue’r’re walls ented polcrystalline texture; one so rationalizes the high-
7 > shear oriented state. But the question of the intermediate
v | out state remains open in this picture: we see no intuitive expla-
nation for an easy shear witf211} planes parallel to the
shear plane.

Plastic deformations of solid crystalline materials usually
involve motion of dislocations over specific crystallographic
planes(denoted{abg) in definite crystallographic directions
(denoted(def)). This is called the slip mechanism. In bcc
metals three principal slip systems have been observed:

grod'T/ {110111), {211K112), and{321111). In each case, the slip
direction corresponds to the most closely packed direction

FIG. 7. Schematic representation of the three coexisting state€L1D; as the energy of a dislocation is proportional to the
of orientation at 50 s~. The parallel planes close to the inner wall square of the Burgers vector, dislocations of the shortest
and in the middle of the gap show the orientations of the dens®urgers vector, that is, those along the close packed direc-
{110 planes. tion, will require the least stress. The most important slip



6764 E. EISER, F. MOLINO, G. PORTE, AND O. DIAT PRE 61

planes are also the most densely pack&d( for bcc crys-  mentioned in the Introduction, the stress plateaus in Fig. 1
tals), which are also the most widely separated. A higherare indeed reminiscent of the stress response of giant micelle
shear stress is required to produce slip on planes of lowesolutions under shear at the orientation transifib8—15.
packing density. This is the reason why 10111 slip  However, the analogy hides a basic difference. In the case of
system is particularly active in bcc metals, whereas the twgiant micelles, the initially uncorrelated orientations of indi-
others are more marginal. Of course, comparing the two firstidual micelles at rest couple to the flow when submitted to
slip systems in bcc metals with the two oriented steady stateshear; the transition arises from the competition between the
discussed here suggests that motion of dislocations may wellrienting effect of the shear and the disorienting effect of the
play a crucial role in the flow behavior of our soft crystal. thermal motion. After switching off the shear, the orientation
Following the above considerations on the energy of the disbecomes isotropic again. In that respect at least, speaking of
locations, we would again expect gliding along t{ffel  a shear-induced “phase transition” makes some sense. The
planes to be preferred at any shear rate{fHel} orientation  situation is different in the present study. The microscopic
preferred at intermediate rates remains unexplained. Anystructure in all three different states of orientation is that of a
way, we should keep in mind that no basic principle supportdcc lattice with identical cell size. The orientation patterns
the intuition that a texture allowing for an easier flow shouldthen correspond to different macroscopic textures of the
necessarily take over; as a matter of fact, discontinuous sheaame phase and thermal motion plays no role: whatever the
thickening transitions have been reported in different con-orientation induced during preshear, it survives identically
texts[18,22,23. after abrupt offset of the shear. Thinking in terms of a shear-
Returning now to rheological behavior and to the analogyinduced “phase transition” is misleading.
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