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Shear banding in a lyotropic lamellar phase. I. Time-averaged velocity profiles

Jean-Baptiste Salmon, Se´bastien Manneville,* and Annie Colin
Centre de Recherche Paul Pascal, Avenue Schweitzer, 33600 Pessac, France

~Received 24 July 2003; published 25 November 2003!

Using velocity profile measurements based on dynamic light scattering and coupled to structural and rheo-
logical measurements in a Couette cell, we present evidences for a shear banding scenario in the shear flow of
the onion texture of a lyotropic lamellar phase.Time-averagedmeasurements clearly show the presence of
structural shear banding in the vicinity of a shear-induced transition, associated with the nucleation and growth
of a highly sheared band in the flow. Our experiments also reveal the presence of slip at the walls of the
Couette cell. Using a simple mechanical approach, we demonstrate that our data confirm the classical assump-
tion of the shear banding picture, in which the interface between bands lies at a given stresss* . We also
outline the presence of large temporal fluctuations of the flow field, which are the subject of the second part of
this paper@Salmonet al., Phys. Rev. E68, 051504~2003!#.

DOI: 10.1103/PhysRevE.68.051503 PACS number~s!: 83.10.Tv, 47.50.1d, 83.85.Ei
re

-

le

,

to

to

cu
e

he
s
is

o

e
ce

a

r

t o
m
.

in
vior

dur-

dly
ro-

nd
and-

, for

ld
tic
city
ear
re-
bil-
ays

in a

er-
ding

der-
ral

of

ced

e
d

pec-

fly
etup
its
I. INTRODUCTION

A wide class of materials, referred to ascomplex fluids,
exhibit a common feature: when submitted to a shear st
s, their flow cannot be described easily as in the case
simple fluids@1#. Indeed, the flow of simple liquids is en
tirely determined by the knowledge of the viscosityh: when
submitted to a shear stresss far from any hydrodynamic
instability and after a very short transient, the velocity profi
is linear and characterized by a shear rateġ, given by the
linear relationġ5s/h @2#. In the case of complex fluids
such a linear relation betweens and ġ does not hold any
more. In polymeric fluids, for instance, the flow tends
decrease theeffective viscosityh5̂s/ġ, whereas disordered
media such as emulsions or foams can resist elastically
small applied stress but flow plastically under larges @1#.
Such behaviors are due to the presence of a supramole
architecture that leads to a coupling between the structur
the fluid and the flow@3#. Theshear-thinningeffect in poly-
meric fluids, for instance, is due to the alignment of t
polymer chains along the flow direction, whereas the cro
over betweenpasty and fluid states in glassy materials
attributed to microscopic rearrangements of the structure@4#.

In some cases, because of a strong flow-structure c
pling, the flow caninducenew organizations. In wormlike
micellar systems, for instance, a shear flow can induc
nematic phase@5,6#. In lamellar phases, shear may indu
structures that do no exist at rest, e.g., theoniontexture@7,8#.
Suchshear-induced structures~SIS! have been observed in
lot of complex fluids, especially in lyotropic systems@9–11#.
These behaviors are generally associated with aspatial struc-
turation of the fluid: the SIS nucleates at a critical stress o
critical shear rate and expands in the flow ass ~or ġ) is
increased. Since the viscosity of the SIS differs from tha
the original structure, the flow field is assumed to be co
posed of two macroscopicbands of different shear rates
This behavior, generically calledshear banding, seems to be
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a universal feature of complex fluids. Its microscopic orig
is not yet clearly understood: the shear banding beha
may arise from elastic instabilities@12#, from frozen disorder
and local plastic events@13# or from a coupling between
shear flow and a phase transition@14#. Numerous phenom-
enological descriptions of shear banding have emerged
ing the last decade~see Refs.@15–19#, and references
therein!. Those theoretical approaches have undoubte
helped to understand the experiments, while not always p
viding a microscopic description of the phenomenon.

Most of experimental works rely on rheological data a
structural measurements. In those experiments, shear b
ing is attributed to the presence of astress plateauon the
flow curve associated with a structural change, observed
instance, using x-ray diffraction techniques@5,6,10# or direct
visualizations of birefringence bands in the flow fie
@20,21#. Recently, a few experiments using nuclear magne
resonance velocimetry have evidenced the fact that velo
profiles in such systems may display bands of different sh
rates@22,23#. However, some of these experiments have
ported a contradictory picture for the shear banding insta
ity: it seems that the observed structural bands do not alw
correspond to bands of different shear rates, at least
specific wormlike micellar system@24#. More recently, ex-
periments based on dynamic light scattering velocimetry p
formed in our group have revealed a classical shear ban
phenomenology in another wormlike micellar system@25#.
Therefore, more experimental data are needed to fully un
stand the spatial structuration of the flow field in the gene
SIS and shear-banding phenomenon.

The aim of this paper is to perform an extensive study
shear banding in a specific complex fluid, alyotropic lamel-
lar phase. This system is known to exhibit a shear-indu
transition, called thelayering transition, between two differ-
ent texturesof the phase@26,27#. In the present paper, w
presenttime-averagedvelocimetry measurements performe
simultaneously to structural measurements using, res
tively, dynamic and static light scattering techniques.

This paper is organized as follows. In Sec. II, we brie
describe the system under study and the experimental s
allowing us to measure both the structure of the fluid and
©2003 The American Physical Society03-1
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SALMON, MANNEVILLE, AND COLIN PHYSICAL REVIEW E 68, 051503 ~2003!
rheological behavior. In Sec. III, we present the experimen
setup for measuring velocity profiles in a Couette flow@28#.
Section IV describes the experiments performed at a gi
temperature (T530 °C) and under controlled shear rat
These experiments support the classical picture of sh
banding in this particular system and our data also revea
presence of wall slip, which is consistent with the observ
shear banding scenario. A detailed mechanical analysis b
on wall slip measurements and rheological data is prese
in Sec. V and helps us demonstrate that the classical
chanical assumption of shear banding, in which the interf
between the bands is only stable at a given stress, hold
our experiments. We then briefly summarize our results
Sec. VI, and emphasize on the puzzling presence of temp
fluctuations of the flow field near the shear-induced tran
tion. The study of these temporal fluctuations are presen
in a related paper where the link withrheochaosis empha-
sized@29#.

II. GLOBAL RHEOLOGY OF THE ONION TEXTURE
NEAR THE LAYERING TRANSITION

A. Rheology of lyotropic lamellar phases: Theonion texture

Lyotropic systems are composed of surfactant molecu
in a solvent. Because of the chemical duality of the surf
tant molecules~polar head and long hydrophobic chain!,
self-assembled structures at the nanometer scale are
monly observed@1#. Depending on the range of concentr
tions, one can observe different structures: for instance, l
cylinders of some microns long~wormlike micelles! or infi-
nite surfactant bilayers~membranes!. In the latter case, be
cause of the interactions, the membranes can form peri
stacks, referred to aslamellar phases and notedLa , or ran-
domly connected continuous structures, calledspongephases
and notedL3 @30,31#. In a lamellar phase, the smectic perio
d, i.e., the distance between the bilayers, ranges from a
nanometers up to 1mm whereas the thicknessd of the mem-
branes is 2–4 nm. These liquid crystalline phase are loc
organized as a monocrystal of smectic phase. If no spe
treatment is applied, lyotropic lamellar phases contain
larger length scales ('10 mm) a lot of characteristic defects
the organization of these defects is called thetextureof the
phase.

Since the work of Roux and co-workers, great experim
tal effort has been devoted to the understanding of the ef
of a shear flow on lamellar phases@7,8#. A robust experimen-
tal fact has emerged: the shear flow controls the texture
the phase. For most systems, the experimental behavior
ally observed is as follows.

~i! At very low shear rates (ġ<1 s21), the membranes
tend to align with the direction of the flow but textural d
fects still persist.

~ii ! Above a critical shear rate of aboutġ'1 s21, the
membranes are wrapped into monodisperse multilame
vesicles calledonionsand organized as a disordered clos
compact texture. The characteristic sizeR of this shear-
induced structure~the onion size! is of the order of a few
microns.
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~iii ! At higher shear rates ('103 s21), perfectly ordered
lamellar phases are recovered@7#. For some specific system
and at intermediate shear rates, spatial organizations of
ions are sometimes encountered@26,27#.

The complex fluid investigated here corresponds to t
last behavior. It is made of sodium dodecyl sulfate~SDS! and
octanol~surfactant molecules! in brine ~solvent!. At the con-
centrations considered here~6.5 wt % SDS, 7.8 wt %. Oc-
tanol, and 85.7 wt % Brine at 20 g L21), a lamellar phase is
observed@32#. The smectic periodd is 15 nm and the bilay-
ers thicknessd is about 2 nm. For the given range of co
centrations, the lamellar phase is stabilized by undulat
interactions@33#. This system is very sensitive to temper
ture: forT>TLa-L3

'35 °C, a sponge-lamellar phase mixtu
appears.

To study the effect of shear flow on this phase, we us
the experimental device sketched in Fig. 1. A rheometer~TA
Instruments AR1000N! and a Couette cell made of Plexigla
~gap e51 mm, inner radiusR1524 mm, and heightH
530 mm) allows us to perform rheological measuremen
The rheometer imposes a constant torqueG on the axis of the
Couette cell which induces a constant stresss in the fluid.
The rotation speedV of the Couette cell is continuousl
recorded, from which the shear rateġ can be deduced. A
computer-controlled feedback loop on the applied torqueG
can also be used to apply a constant shear rate without
significant temporal fluctuations (dġ/ġ'0.01%).

Let us notes and ġ the shear stress and the shear r
indicated by the rheometer. The relations between (s,ġ) and
(G,V) read

s5
R1

21R2
2

4pHR1
2R2

2
G, ~1!

ġ5
R1

21R2
2

R2
22R1

2
V. ~2!

FIG. 1. Experimental setup. A thermostated plate~not shown! on
top of the cell allows us to avoid evaporation. The rheometer
poses a constant torqueG on the axis of the Couette cell and recor
its rotation speedV. The geometry of the Couette cell isH
530 mm, R1524 mm, andR2525 mm, leading to a gap width
e5R22R151 mm.
3-2
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SHEAR BANDING IN A LYOTROPIC . . . . I. . . . PHYSICAL REVIEW E 68, 051503 ~2003!
Such definitions ensure that (s,ġ) correspond to the averag
values of the local stresss(r ) and shear rateġ(r ) in the case
of a Newtonian fluid (r denotes the radial position in the ga
of the Couette cell!. It is very important not to confuse th
averagedquantities (s,ġ), also referred to as theengineer-

ing quantities, with the local quantities„s(r ),ġ(r )…. More-
over, it is also crucial to keep in mind that the shear rateġ
given by the rheometer may differ from thetrue shear rate in
the sample when wall-slip or inhomogeneous flows
present. In the following, the nature~engineering,local or
true! of the variables will be specified whenever confusion
possible.

Temperature is controlled within60.1 °C using a water
circulation around the cell. A polarized laser beam~He-Ne,
l5632.8 nm) is directed through the transparent Cou
cell to investigate the effect of a shear flow on the struct
of the fluid. Since the characteristic sizes of the texture
about 1mm, well-defined diffraction patterns are obtaine
and recorded on a charge-coupled device camera~CCD,
Cohu!. As shown in Fig. 1, the laser beam crosses the sam
twice, so that two diffraction patterns are recorded; the fi
one has an elliptical shape due to the optical refractions
duced by the Couette geometry.

B. The layering transition: Stationary state
and rheological chaos

Figure 2~a! shows a typical flow curve obtained on o
lamellar phase at imposed stress or imposed shear rat
T,Tc'27 °C. After a transient phase~at least 10–30 min!,
a stationary state is obtained, i.e.,s (ġ) does not vary sig-
nificantly in time whenġ ~s, respectively! is imposed. At
low stress, the diffraction patterns are uniform rings indic
ing the presence of a disordered texture of onions. Whes
reachessc ('15 Pa), six peaks appear on the ring indic
ing that the onions get a long range hexagonal order on
ers sliding onto each other~see Fig. 2! @26,27#. Those layers
lie in the (v,z) plane normally to the shear gradient directi
“v. Whens is increased further, peaks become more c
trasted. Note that the peaks with wave vectors along the
ometer axisqz are less intense than the others. This is due
the zigzag motion of the planes of onions when sliding o
each other @27#. This shear-induced ordering transitio
called the layering transition, has been observed in m
monodisperse colloidal systems since the pioneering wor
Ackerson and Pusey@34#. This ordering transition is assoc
ated with a shear thinning of the fluid, i.e., the ordering
the colloids causes the decrease of the viscosity.

More recently, complex dynamical behaviors have be
observed in the vicinity of the layering transition for tem
peraturesT.Tc'27 °C ~see Fig. 2! and under controlled
stress: the shear rate does not reach a stationary value
sometimes oscillates indefinitely in time@35,36#. However,
when the shear rate is imposed, no oscillations are obse
and the responses of the shear stress seem almost stati
In the stress imposed case, the shear rate oscillations
characterized by a large period of about 10 min. Moreov
the dynamics of the shear rate is correlated to a dynam
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structural change: the fluid oscillates between the disorde
and the layered states. The origin of such surprising dyn
ics is not yet understood, but it is now quite clear that it do
not correspond to a simple hydrodynamic or elastic insta
ity. Even more complex dynamics, such as aperiodic osc
tions or irregular fluctuations were measured, which w
recently coined rheochaos@37,38#. In a previous work@36#, a
detailed study of such dynamics was performed: depend
on the applied stress, several dynamical regimes have b
found. Using dynamical system theory, a careful analysis
revealed that the dynamics do not simply correspond t
low-dimensional chaotic system, probably because so
spatial degrees of freedom are involved. Moreover, rheolo
cal experiments performed with different gap widthse sup-
port the assumption of a spatial organization of the flow
the gap@36#. Our idea was that spatial structures such
bands, which lie in the“v direction and oscillate in time
could lead to the observed dynamics. Therefore, it was
sential to measure thelocal velocity rather than the rotation
speedV of the Couette cell.

FIG. 2. ~a! Typical flow curve of the onion texture. The diffrac
tion pattern corresponds to the structure under shear. The gray
indicates the region of the oscillations of the shear rate at impo
stress forT>Tc'27 °C. ~b! Shear diagrams vs T. Oscillations of
the shear rate at imposed stress appear for temperatureT>Tc

'27 °C. Shown are the schematic representations of the disord
and ordered states.TLa-L3

'35 °C in the system under study.
3-3
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SALMON, MANNEVILLE, AND COLIN PHYSICAL REVIEW E 68, 051503 ~2003!
In the following section, we present the experimen
setup allowing us to perform velocimetry measurements.
then focus on experiments performed onrheological station-
ary statesat T530 °C and under controlled shear rate.

III. EXPERIMENTAL SETUP: LOCAL VELOCIMETRY
USING DYNAMIC LIGHT SCATTERING „DLS…

In order to evidence the possibility of a spatial organiz
tion of the fluid flow near the layering transition, we ha
used the experimental setup sketched in Fig. 3 and descr
in more detail in Ref.@28#. It consists of a classical hetero
dyne dynamic light scattering experiment mounted aroun
rheometer. Local velocity measurements using heterod
DLS rely on the detection of the Doppler frequency sh
associated with the motion of the scatterers inside a sm
scattering volumeV @39–43#. In classical heterodyne setup
light scattered by the sample under study is collected alon
directionu i and is made to interfere with a reference bea
Light resulting from the interference is sent to a photomu
plier tube and the autocorrelation functionC(t) of the inten-
sity is computed using an electronic correlator.

When the scattering volumeV is submitted to a shea
flow, it can be shown that the correlation functionC(t) is an
oscillating function of the time lagt modulated by a slowly
decreasing envelope. The frequency of the oscillations
C(t) is exactly the Doppler shiftq•v, whereq is the scat-
tering wave vector andv is the local velocity averaged ove
the size of the scattering volumeV. In the experiments pre
sented here, the imposed angleu i562.5° has been chosen i
such a way that the size ofV is about 50mm @28#. Figure
4~a! shows a typical correlation function measured on
sheared latex suspension. The frequency shiftq•v is recov-
ered by interpolating a portion ofC(t) and looking for the
zero crossings. Error bars on such measurements are

FIG. 3. Heterodyne DLS setup. BS denotes a beam splitter
spatial filters, andC the device coupling optical fibers and used
perform the interference between the scattered light and the r
ence beam.
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tained through the fitting procedure: typical uncertainties
less than 5%.

The rheometer sits on a mechanical table whose displ
ments are controlled by a computer. Three mechanical ac
tors allow us to move the rheometer in thex, y, andz direc-
tions with a precision of 1mm. Oncey is set so that the
incident beam is normal to the cell surface, velocity profi
are measured by moving the mechanical table in thex direc-
tion by steps of 30mm.

As discussed in Ref.@28#, going fromq•v as a function of
the table position to the velocity profilev(x) requires a care-
ful calibration procedure to take into account the refract
effects due to the Couette cell.x denotes the position of the
scattering volume inside the gap.x50 (x5e) corresponds
to the rotor ~stator!. Figure 4~b! presents velocity profiles
measured at various known shear rates during the calibra
using a Newtonian suspension of latex spheres in a wa
glycerol mixture. This simple liquid has the same optic
index (n51.35) as the lamellar phase under study. Fina
we accumulate the correlation functions over 3–5 s so th
full velocity profile with a resolution of 30mm takes about 3
min to complete.

IV. LOCAL RHEOLOGY OF THE ONION TEXTURE
NEAR THE LAYERING TRANSITION

A. Global rheology and local velocimetry

To understand the coupling between spatial degrees
freedom, global rheology, and the structural transition,
first present measurements obtained atT530 °C in the shear
rate imposed mode. Well-defined rheological station
states are obtained with such a method~see Sec. II B!. We
record engineering~i.e., global! rheological data simulta-
neously to the velocity profile measurements. In order
obtain reproducible experiments, careful rheological pro
cols must be used as discussed in Ref.@36#. At the tempera-
ture under study (T530 °C), we apply a first step atġ
55 s21 during 7200 s. This step of applied shear rate allo
us to begin the experiment with a well-defined stationa

F

r-

FIG. 4. ~a! Experimental heterodyne correlation function (d)

recorded on a latex suspension atġ510 s21. The solid line corre-
sponds to an interpolation of the heterodyne function from wh
the frequency shiftq•v is computed.~b! Different velocity profiles

obtained for various applied shear rates,ġ510 (d), 20 (m), 30
(j), and 50 s21 (.). The solid lines are the expected veloci
profiles for a Newtonian fluid.
3-4
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SHEAR BANDING IN A LYOTROPIC . . . . I. . . . PHYSICAL REVIEW E 68, 051503 ~2003!
state of disordered onions. We then apply increasing sh
rates for 5400 s per step. The increment between two ste
dġ52.5– 5 s21. The smaller value ofdġ is chosen when a
fine resolution is needed in the vicinity of the transition. A
shown in Fig. 5~b!, the temporal responses of the shear str
are almost stationary: small temporal fluctuations (ds/s
'1%-3%) can be detected. Note that in the shear rate
posed mode the temporal fluctuations ofġ are completely
negligible„dġ/ġ'0.01% @see Fig. 5~a!#….

Engineering rheological measurements are displayed
Fig. 6 and the corresponding diffraction patterns at vario
applied shear rates are shown in Figs. 6~a–f!. For shear rates
below ġc'15 s21, diffraction patterns are uniform rings in
dicating that the structure of the onions is disordered@Figs.
6~a,b!#. Above ġc , six fuzzy peaks appear on the diffractio
ring, indicating the onset of the layering transition@Fig.

FIG. 5. T530 °C. ~a! Applied steps of shear rate. No significa
temporal fluctuations are observed.~b! Corresponding temporal re
sponses ofs(t). The dotted lines indicate the part of the time ser
where the average stress (d) is computed.

FIG. 6. (s) Stationary flow curve obtained atT530 °C under

controlled shear rate. The values (s, ġ) are extracted from the
temporal responses displayed in Fig. 5. (d) True flow curves vs

ġ true. The true shear rates take into account the effect of wall
and are calculated using Eq.~3! ~see Sec. IV B!. Corresponding

diffraction patterns atġ510 ~a!, 15 ~b!, 22.5~c!, 26 ~d!, 30 ~e!, and
45 s21 ~f!. The increase of the ring diameter in~a!–~e! results from
the decrease of the onion size. The field of the CCD camera
been adapted to the pattern size in the last diffraction pattern o
so that the apparent change of size is not physical in~f!.
05150
ar
is

s

-

in
s

6~c!#. When the shear rate is further increased, peaks bec
more and more contrasted as can be seen in Figs. 6~d–f!. The
flow curve displays a change of slope around the layer
transition but it is rather difficult to locate precisely the va
ous regions of different structures from the rheological d
alone and without the information inferred from the diffra
tion patterns. Significant shear thinning is observed:h
'2.6 Pa s atġ55 s21 andh'0.3 Pa s atġ560 s21.

Far below or far above the layering transition, we
defined profiles are easily measured. But very surprisin
near the layering transition, the local velocity is not statio
ary but displays large temporal fluctuations whiles only
fluctuates within a few percents~see Ref.@29# for a complete
study!. The characteristic times of these fluctuations ran
from 100 to 1000 s and are of the order of the time neede
obtain a full velocity profile~2–3 min!. Such dynamics pre-
vent us to record well-defined profiles. To obtain valuab
data, we chose to measuretime-averagedvelocity profiles:
several profiles were recorded at a given applied shear
and later averaged. The typical number of profiles neede
obtain good statistical estimates of the flow field ranges
tween 10 and 20. The standard deviations of those estim
yield the amplitudes of the temporal fluctuations. Figure
displays velocity profiles measured simultaneously to
flow curve of Fig. 6. Each profile corresponds to an avera
over up to 20 measurements. Error bars represent the s
dard deviations of the local velocities.

p

as
ly,

FIG. 7. Time-averaged velocity profiles obtained simultaneou
to the flow curve displayed in Fig. 6. The error bars represent

temporal fluctuations of the local velocity~see text!. ~a! ġ55 (s)
and 10 s21 (n). The horizontal bar indicates the rotor velocityv0

for ġ55 s21 and helps to visualize wall slip at the rotor.~b! ġ
515 (s) and 20 s21 (n). The dashed line is a guide to the eye

the highly sheared band and corresponds to a local shear ratġB

'23 s21. ~c! ġ522.5 (s) and 26 s21 (n). ~d! ġ537 (s) and
53 s21 (n). For ~b!–~d!, the dash-dotted line indicates the weak

sheared band and corresponds to a local shear rateġA'7.1 s21.
3-5
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SALMON, MANNEVILLE, AND COLIN PHYSICAL REVIEW E 68, 051503 ~2003!
The main features of these profiles are as follows.

~i! Below the layering transition, i.e., forġ<ġ1

'15 s21, velocity profiles are perfectly stationary; signifi
cant wall slip can be detected: the velocity at the stator d
not vanish atx5e, and the fluid velocity does not reach th
rotor velocity atx50. Except very close to the walls wher
slippage occurs, the flow is homogeneous since the pro
are nearly linear.

~ii ! At ġ*ġ1, a highly sheared band nucleates at the ro

The local shear rate in this band is aboutġB'23 s21 and the

other band is locally sheared atġA'7.1 s21 @see Fig. 7~b!#.
Significant temporal fluctuations are present@29#, and impor-
tant wall slip can still be measured.

~iii ! When the shear rate is further increased up toġ

5ġ2'37 s21, the highly sheared band covers the who

gap. The valueġA'7.1 s21 of the weakly sheared band re
mains almost constant over the coexistence dom
(15–37 s21).

~iv! For ġ>ġ2, the flow becomes homogeneous aga
Temporal fluctuations of the velocity also disappear but
fluid still slips at the two walls.

Those results show without any ambiguity that the lay
ing transition can be described by the classical phenome

ogy of shear banding. Atġ<ġ1, the flow is homogeneou
and corresponds to a disordered state of onions, as ca

checked from the diffraction patterns. Atġ*ġ1, velocity
profiles display two bands corresponding to two given lo

shear ratesġA and ġB . At ġ*ġ1, peaks also appear on th

ring. When the shear rate is further increased up toġ2, the
width of the highly sheared band grows as well as the c

trast of the peaks on the diffraction ring. Atġ>ġ2, the flow
is homogeneous again and the contrast of the peaks on
ring is maximal.

Let us recall that the diffraction patterns correspond
a measure of the structure of the fluidintegrated along
the velocity gradient direction“v ~see Fig. 1!. Therefore,
the contrast of the peaks on the ring provides an estim
of the relative proportion of layered vs disordered onio
in the gap. Thus, the above results clearly point to a pict
of the flow where the highly~weakly! sheared band
corresponds to the layered~disordered! onions. The
combined measurements of fluid structure, global rheolo
and local velocity profiles presented above bring unambi
ous evidence for banded flows associated with the laye
transition in our lamellar phase. Similar results were repor
by Callaghan and co-workers@24# in the case of a wormlike
micellar system using nuclear magnetic resonance imag
although the classical shear banding scenario~nucleation
and growth of a highly sheared band! was not fully
unveiled.

In the following paragraph, we present a detailed analy
of the slip velocities. We also demonstrate that the correc
due to wall slip allows us to use a mechanical model to fit
velocity profiles consistently with the classical picture
shear banding.
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B. Wall slip, true flow curve, and lubricating layers

1. True flow curve

Using the measured velocity profiles, it is easy to defin
true shear rate in the bulk onion texture byġ true5(v1
2v2)/e, wherev1 ~v2, respectively! corresponds to the ve
locity of the fluid at x50 ~x5e, respectively! estimated
from the measured velocity profiles. Moreover, in order
take into account the stress inhomogeneity in the Couette
and thus get a quantitative comparison between this
shear rate and the engineering shear rateġ indicated by the
rheometer, we defineġ true consistently with Eq.~2! by

ġ true5
R1

21R2
2

R1~R11R2!

v12v2

e
. ~3!

Figure 6 presents thetrue flow curve s(ġ true) (d) and the
flow curve computed from the values indicated by the rh
ometers(ġ) (s). The true shear rate allows us to remo
the contribution due to wall slip. When compared to the e
gineering flow curves vs ġ, the true flow curve seems t
reveal a stress plateau at a value of about 16 Pa. This pla
extends fromġA'7 s21 to ġB'25 s21. Note that this stress
plateau is not perfectlyflat but presents a small slope. W
will show in Sec. V that such a slope is due to the curvat
of the Couette geometry as expected from theoretical mo
@44,45#.

2. Lubricating layers

To explain the presence of wall slip in complex flu
flows, one usually considers that thin lubricating layers
present at the walls of the Couette cell. In emulsions,
instance, it is well established that wall slip is due to t
presence of highly sheared thin films composed of the c
tinuous phase only@46#. These films play the role oflubri-
cating layers: the bulk material is weakly sheared, where
the filmsabsorba part of the viscous stress. In our case,
can reasonably assume that wall slip is due to very thin l
ers composed of water or of a few membranes lying n
mally to the velocity gradient direction“v. The resolution
of our setup ('50 mm) does not allow us to measuredi-
rectly the thicknesses of those layers.

However, in this simple picture, there is no discontinu
of the shear stress inside the gap of the Couette cell. Bec
the thicknesses of the lubricating layers are very sm
('100 nm), one can assume that the flow inside the film
laminar. Under this assumption, we may access the th
nesses of the lubricating layers. Indeed, let us define the
velocity at the rotorvs1

5v02v1 as the difference betwee

the rotor velocityv0 and the velocityv1 at the rotor, and the
slip velocity vs2

5v2 at the stator as the velocityv2 mea-

sured at the stator.vsi /hi then corresponds to the mean she
rate inside the film of thicknesshi ( i 51 for the rotor andi
52 for the stator!. By assuming that the stress is continuo
inside the gap of the Couette cell, the thicknesses of
layers are then given by
3-6
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hi5
h fvsi

s i
, ~4!

wheres i5s(Ri) is the local shear stress at wall numberi
andh f is the viscosity of the lubricating layers. Note that
the Couette geometry the local stress is given bys(r )
5G/(2pHr 2). Using Eq.~1!, the local valuess i at the walls
are linked to the engineering stresss indicated by the rhe-
ometer by

s i5
2Rj

2

R1
21R2

2
s, ~5!

where j 52 ( j 51) wheni 51 (i 52). Once again, it is im-
portant not to confuse the engineering values with the local
valuess1 , s2, and more generallys(r ).

3. Wall slip and shear banding

Figure 8~a! presents the slip velocitiesvsi vs the engineer-
ing stresss, both at the stator (h,s) and at the rotor
(j,d). The homogeneous profiles are indicated by squa
(h,j) and banded flows by circles (s,d). Figure 8~a!
reveals the three regimes previously observed on both ve
ity profiles and diffraction patterns.

~i! whens,sA'15.9 Pa, the velocity profiles are near
linear and the flow is only composed of disordered onions
this region, the slip velocitiesvsi slightly increase under in
creasing stresss.

~ii ! When sA<s<sB'17.2 Pa, the nucleation an
growth of the highly sheared band corresponding to the
ered state is associated with a decrease ofvsi with s.

~iii ! When s.sB , the flow is homogeneous again an
the slip velocitiesvsi slightly increase withs. Note that the
exact values ofsA andsB indicating the coexistence doma
will be calculated using Eqs.~15! and ~16! in Sec. V.

Figure 8~b! presents the same slip velocities but plott
against the local stresss i inferred from Eq.~5!. It reveals
two important results.

~i! When the flow is homogeneous, the slip velocities
the rotorvs1 and at the statorvs2 collapse on the same curv

FIG. 8. ~a! Sliding velocitiesvsi vs stresss:vs1 at the rotor
(j,d) andvs2 at the stator (h,s). The dotted line indicatessA

515.9 Pa and the dash-dotted linesB517.2 Pa~see text!. ~b! vsi

vs local stresss i . The dotted lines are guidelines for the homog
neous states. (h,j) correspond to homogeneous velocity profil
and (s,d) to banded velocity profiles.
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when plotted against the local stressess1 and s2. In other
words,vsi seem to be a unique function of the local stress
the homogeneous domains, i.e.,vsi5 f (s i). This feature is
also observed in concentrated colloidal systems where i
tial effects are totally suppressed by the osmotic press
needed to concentrate the colloids@46,47#.

~ii ! In the coexistence domain, i.e., forsA<s<sB , there
is a large difference between slip velocities at the rotor an
the stator, even whenvsi are plotted against the local stre
s i . This result confirms the observed structuration: wall s
is very different at the two walls because there aretwo dif-
ferent fluids inside the gap~the layered state of onions lie
near the rotor whereas the disordered onions lie near
stator!. In the coexistence domain, the fact that the slip v
locity vsi is a unique function of the local stresss i does not
hold anymore. Moreover, our data clearly indicate that w
slip is larger at the rotor than at the stator in this domain

4. Thicknesses of the lubricating layers

Figure 9 presents the thicknesseshi of the lubricating lay-
ers calculated from Eq.~4! and assuming that the viscosity o
the lubricating films ish f51023 Pa s, the viscosity of water
The thicknesseshi are of the order of 100–200 nm. Such
value is in good agreement with other measurements
formed in concentrated colloidal systems@46,47#. Let us re-
call that in the case of our lamellar phase, the smectic pe
d is 15 nm, so that it is reasonable to assume that the lu
cating layers are composed of only water or a few me
branes ('10), perfectly aligned along the walls. In any cas
the viscosity of the film is probably of the order o
1023 Pa s.

5. A possible explanation for the origin of lubricating layers and
their variations with s

In the onion texture, flow cancompressthe onions by
changing the smectic periodd. Such a compression expe
some water from inside the onions and helps to lubricate
flow. This effect has been shown in a lot of lyotropic lamell
phases using neutron and x-ray diffraction@26,48#. In our
system, as measured with neutron scattering, the smectic

-

14 18
0

100

200

300 (a)

σ  (Pa)

h i  (
nm

)

14 18
σ

i
  (Pa)

(b)

FIG. 9. ~a! Thicknesseshi of the sliding layer vs stresss:h1 at
the rotor (j,d) andh2 at the stator (h,s). The dotted line indi-
catessA515.9 Pa and the dash-dotted linesB517.2 Pa~see text!.
~b! hi vs local stresss i . The dotted lines are guidelines for th
homogeneous states. (h,j) correspond to homogeneous veloci
profiles and (s,d) to banded velocity profiles.
3-7
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riod changes slightly over the range ofġ under study@26#. If
we assume that the expelled water can alsomigratefrom the
bulk material to the walls in order to lubricate the flow, th
quantityh11h2 is then proportional to the volume of wate
in the lubricating layers. Figure 10 presentsh11h2 vs s.
Again, the three regions of the shear banding phenome
ogy can be clearly identified from Fig. 10. At low applie
stress, the quantity of water at the walls increases unde
creasing stress. This confirms the assumption that the vis
stress compresses the onions and expels some water. A
termediate stress, in the coexistence domain, the volum
water decreases while the width of the highly sheared b
grows in the gap of the Couette cell.

Such a result may be simply explained if one consid
that some water is needed to lubricate the flow between
layers of ordered onions. Indeed, as suggested in Ref.@26#,
the layering of onions is probably associated with the exp
sion of some water from the onions to lubricate the flo
between the layers. The decrease ofh11h2 could be the
signature of amigration of the water from the walls to the
bulk of the highly sheared band. At higher stress, when
layered band has invaded the gap,h11h2 increases again
with the shear stresss. This is consistent with the fact tha
the viscous stress tends to compress the onions in the ho
geneous layered state. Such a picture, suggested by ou
periments and by previous works@26#, is obviously highly
hypothetical. Resolved x-ray or neutron scattering techniq
performed in the gap of the Couette cell are needed to c
firm such assumptions.

V. A SIMPLE MECHANICAL APPROACH OF THE
SHEAR-BANDING INSTABILITY

A. Local constitutive flow curve

The aim of this section is to determine whether the cl
sical mechanical picture of the shear banding instabi
holds in our experiments. In such a picture, the flow curve
the one sketched in Fig. 11. Two branches, correspondin
the two different organizations of onions, are separated b
coexistence domain. The rheological behaviors of the
branches are given bys5 f i(ġ), where i 51 (i 52) stands
for the disordered~layered! state of onions. In the simple
picture of shear banding, one generally assumes that the

14 16 18
0

200

400

σ  (Pa)

h 1 +
 h

2  (
nm

)

FIG. 10. h11h2 vs stresss. The dotted line indicatessA

515.9 Pa and the dash-dotted linesB517.2 Pa~see text!. (j)
corresponds to homogeneous velocity profiles and (d) to banded
velocity profiles.
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field can separate between bands of different structu
whose local rheological behaviors are given bys5 f i(ġ).
One also assumes that the interfaces between the band
only stable at a critical stresss* . When the shear rate i
imposed in a geometry where stress is homogeneous~e.g., a
cone-and-plate geometry!, such an assumption leads to
stress plateauon the flow curve ats* @44#. On the plateau,
velocity profiles display bands of local shear ratesġA and
ġB . The following equation relates the imposedglobal shear
rate to the proportion of bandslocally sheared atġA andġB :

ġ5aġA1~12a!ġB , ~6!

wherea is the volume fraction of bands locally sheared
ġA . In stress-controlled experiments, the plateau canno
seen anymore and one observes a discontinuous jump
tweenġA and ġB when the stress is slightly increased abo
s* . In the following paragraph, we addresss the validity
the assumption that interfaces lie at a critical stresss* .

B. Width of the highly sheared band in the Couette geometry

In the Couette geometry, the stress is not homogene
inside the gap of the cell and the simple analysis presen
above does not hold anymore. Indeed, the local stresss(r ),
wherer is the radial position in the flow, is given by

s~r !5
G

2pHr 2
5s1

R1
2

r 2
, ~7!

whereG is the imposed torque ands15G/(2pHR1
2) is the

stress at the rotor. The shear-banding scenario then leads
picture with only two bands: one locally sheared atġA and
one locally sheared atġB . If one considers that the interfac

FIG. 11. Local constitutive flow curve of the layering transitio
Two branches corresponding to the two different structures of
ions are separated by a stress plateau ats* . The interface between

bands of different local shear ratesġA and ġB is stable at a unique
stresss* . The highly sheared band nucleates at point A and inva
the gap up to point B where the flow becomes homogeneous ag
3-8
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SHEAR BANDING IN A LYOTROPIC . . . . I. . . . PHYSICAL REVIEW E 68, 051503 ~2003!
between bands is only stable at a given stresss* , one easily
calculates the widthd of the highly sheared band:

d5R1SAs1

s*
21D . ~8!

Such a relation shows that the stress should increase slig
along the coexistence domain. Indeed, when entering the
existence region, i.e., whend50, one findss15s* , and
when the highly sheared band has invaded the gap,d5e and
s15(R2 /R1)2s* . This means that, in the Couette geomet
the plateau is not perfectly flat and presents a sl
(R2 /R1)221'2e/R1 due to the stress inhomogeneity@44#.
Note that if the concentrations of the two structures diff
one also expects a nonflat plateau. In our system, the
stress inhomogeneity seems to account well for the slop
the plateau. Therefore, concentration effects are not inclu
here.

Our velocimetry measurements easily yield the widthd of
the highly sheared band. Figure 12 displays the measurd
vs the measured stationary stress at the rotors1. We have
also added in this figure the theoretical relation of Eq.~8!
with s* 516.5 Pa, which yields a satisfactory agreem
with the experimental data. This seems to indicate that
stability criterion for the interface holds in our experimen
with s* 516.5 Pa. However, our data present relative
large error bars on the measuredd. To proceed further in the
analysis and to confirm the mechanical picture of the sh
banding instability, one should now try to fit all the measur
velocity profiles from the knowledge of the flow curve.

C. Procedure for fitting the velocity profiles

Our fitting procedure relies on the following relations:

s~r !5
G

2pHr 2
, ~9!

ġ~r !5r
]

]r S v
r D . ~10!

FIG. 12. Widthd of the highly sheared band vss1 the stress at
the rotor. The dashed line corresponds to Eq.~8! with s*
516.5 Pa.
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In order to compute velocity profiles from Eqs.~9! and~10!,
we first have to determine the rheological laws linking t
local stresss(r ) and the local shear rateġ(r ).

1. Rheological behaviors of the homogeneous branches

Figure 13 presents the true flow curves(ġ true) measured
in our experiment atT530 °C and under controlled shea
rate. We have fitted the two branches corresponding to
two homogeneous states:~i! for ġ<6 s21 ~disordered on-
ions! by a shear-thinning behaviors5 f 1(ġ)5Aġn with A

511.49 andn50.17 and~ii ! for ġ>30 s21 ~layered state!
by a Bingham fluids5 f 2(ġ)5s01hġ with s0515.19 Pa
andh50.06 Pa s. The resulting fits are presented in Fig.
Since the flow field is homogeneous on these branches,
behaviors fitted from the true flow curve, i.e., after contrib
tions due to wall slip are removed, represent the local rh
logical behaviors vs ġ.

2. Equations for the theoretical flow curve
and the velocity profiles

Let us now assume that the interface between the ba
lies at a unique stresss* and let us consider a given torqu
G. From G and Eq. ~9!, we get the local stresss(r ). If
s(r ),s* everywhere in the gap of the Couette cell, t
flow is homogeneous and composed of the disordered
ions, whereas ifs(r ).s* everywhere, the flow is also ho
mogeneous but composed of the layered state of oni
Moreover, the local shear rateġ(r ) is given by Eq.~10!, so
that in both cases, the velocity profiles are given by the f
lowing integration of the rheological behaviors:

v~r !

r
5

v2

R2
1E

R2

r ġ~u!

u
du, ~11!

whereġ(r ) is found by solving

FIG. 13. (d) True flow curves vs ġ true displayed in Fig. 6. The

dash-dotted line is the best fit of the low sheared branchġ

<6 s21) using a shear-thinning behaviors5Aġn with A511.49
and n50.17. The dashed line is the best fit of the highly shea

branch (ġ>30 s21) according to a Bingham behaviors5s0

1hġ with s0515.19 Pa andh50.06 Pa s. The continuous line i
computed from Eqs.~11!–~14! with s* 516.5 Pa.
3-9
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s~r !5
G

2pHr 2
5 f i„ġ~r !…, ~12!

and i denotes the considered branch.
When there exists one particular position in the gap wh

s(r )5s* , the flow is inhomogeneous and composed of t
different bands. To calculate the resulting velocity profi
one should separate the previous integration according t

v~r !

r
5

v2

R2
1E

R2

r ġ~u!

u
du for r .R11d

and

v~r !

r
5

v~R11d!

R11d
1E

R11d

r ġ~u!

u
du for r ,R11d,

~13!

whered is given by Eq.~8!, andġ(r ) by

s~r !5 f 1„ġ~r !… for r .R11d,

s~r !5 f 2„ġ~r !… for r ,R11d. ~14!

The Appendix presents the detailed integration of Eqs.~11!–
~14! for the specific behaviorss5 f 1(ġ) and s5 f 2(ġ) ob-
tained previously. Note that Eqs.~11!–~14! require the
knowledge ofvs25v2 for the arbitrary torqueG. Thus, to
computevs2 at any value ofG, we first interpolate the data
vsi vs s displayed in Fig. 8~a!.

For each value ofG, i.e., for each value ofs indicated by
the rheometer@see Eq.~1!#, one can calculate a theoretic
velocity profile v(x) using the fitting procedure detaile
above. One can then calculate the corresponding true s
rate ġ true using Eq.~3!. Such a procedure allows us to com
pute a theoretical flow curves vs ġ true. This theoretical flow
curve is displayed in Fig. 13 for comparison with the me
sured rheological data. The coexistence domain is well
produced by this theoretical true flow curve, namely,
slope of the stress plateau. This good agreement confirm
assumption that the interface between the bands lies
given value of the stresss* . Note that the values*
516.5 Pa is the only free parameter of the fitting procedu
The value ofs* also yields the value of the stresssA (sB)
at the entrance~at the end! of the coexistence domain:

sA5
R1

21R2
2

2R2
2

s* '15.9 Pa, ~15!

sB5
R1

21R2
2

2R1
2

s* '17.2 Pa. ~16!

The above values ofsA andsB are those displayed in Figs
8–10 to visualize the coexistence domain.

For each value ofG and thus for each theoretical veloci
profile, one can also calculate the shear rateġ indicated by
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the rheometer. Indeed, it is easy to determine the rotor
locity from v(x) and from the values ofvs1 displayed in Fig.
8~b!: v05v(x50)1vs1 . ġ is then given by Eq.~2!. From
the calculated velocity profiles, we extracted those cor
sponding to the shear rates applied in our experiments.
ure 14 shows these theoretical fitsv(x) and the correspond
ing experimental velocity profiles. Again, the goo
agreement indicates that the stability criterion for the int
face holds in our experiments. Such an agreement also
firms the observed shear banding phenomenology and m
precisely, the fact that near the layering transition, the flow
composed of two different bands characterized by two d
ferent rheological behaviors.

D. Discussion on the validity of the mechanical approach

In the previous mechanical approach, it is important
note that to each value of torqueG and thus to each value o
stresss, we can associate a unique velocity profilev(x),
and thus a unique shear rateġ. This is a direct consequenc
of the slope of the stress plateau of the flow curve in
Couette geometry. The uniqueness ofġ for a givens means
that the shear banding phenomenology is also expected w
the stress is controlled in a Couette geometry. However
mentioned in Sec. II B~see Fig. 2!, the responses of the she
rate under controlled stress for temperaturesT>Tc527 °C
are no longer stationary and present large oscillations in
vicinity of the layering transition. It is thus obvious tha
some ingredients are missing in the mechanical appro
detailed previously to model such dynamics. For tempe
turesT,Tc , the responses of the shear rate under contro

FIG. 14. Time-averaged velocity profiles displayed in Fig.

ġ55 (s) and 10 s21 (n). ~b! ġ515 (s) and 20 s21 (n). ~c!

ġ522.5 (s) and 26 s21 (n). ~d! ġ537 (s) and 53 s21 (n). The
error bars represent the temporal fluctuations of the local veloc
The continuous lines are the theoretical velocity profiles calcula
from Eqs.~11!–~14!.
3-10
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stress are almost stationary and only display relatively sm
fluctuations at the layering transition. Our mechanical
proach may thus be fully validated only atT,Tc . This led
us to repeat our experiments atT526 °C both under con-
trolled stress and under controlled shear rate.

Using careful protocols similar to that of Sec. IV A, w
measure the two stationary flow curves displayed in Fig.
as well as the corresponding diffraction patterns. Figure
presents the time-averaged velocity profiles measured si
taneously to the flow curves displayed in Fig. 15. These
periments clearly demonstrate that the phenomenology
shear banding, previously observed atT530 °C under con-
trolled ġ, is also recovered atT526 °C both at imposedġ
and imposeds. As expected from the mechanical approa
there is no difference between controlling the stress or

FIG. 15. Stationary flow curves obtained atT526 °C under
controlled stress (s) and under controlled shear rate (h). Corre-
sponding diffraction patterns at imposed stress:~a! s512, ~b! 12.5,
~c! 12.75,~d! 13, ~e! 13.5, and~f! 14.25 Pa. Corresponding diffrac

tion patterns at imposed shear rate:~A! ġ56, ~B! 10, ~C! 15, ~D!
20, ~E! 25, and~F! 30 s21.

FIG. 16. Time-averaged velocity profiles measured simu
neously to the flow curves displayed in Fig. 15 atT526 °C. The
error bars represent the temporal fluctuations of the local velo

~a! Imposed shear rate:ġ56 (s), 10 (n), and 15 s21 (h). ~b!
Imposed stress:s512 (s), 12.5 (n), and 13 Pa (h).
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shear rate in the Couette geometry, as long as the rheolo
responses are stationary.

VI. CONCLUSIONS

In this paper, we have presented an extensive study
shear-induced transition in a lyotropic system: the layer
transition of the onion texture. Using velocimetry, structu
measurements and rheological data, we have shown tha
classical picture of shear banding holds for the layering tr
sition. In this picture, velocity profiles display bands in th
vicinity of the transition and the nucleation and growth of t
highly sheared band is associated with the nucleation
growth of the SIS, i.e., of the layered state of onions. Us
the classical mechanical approach@12,15#, in which the in-
terface between the bands lies at a given value of the str
we were able to fit the velocity profiles and the coexisten
domain on the flow curve.

Moreover, our data reveal the presence of strong wall s
We have shown that the variations of wall slip with stress
in good agreement with the shear banding behavior: w
the flow is homogeneous, the slip velocity is a univer
function of s since inertial effects are negligible, and whe
the flow displays bands, wall slip presents a very large d
symmetry at the rotor and at the stator, probably because
two different textures have different behaviors at the walls
the Couette cell.

One of the most puzzling features of our results is
presence of large temporal fluctuations of the flow field
the coexistence domain. Indeed, velocity profiles display
calized temporal fluctuations reaching up to 20% at the
terface between the two bands. Moreover, the character
times of such fluctuations are very long~100–1000 s!, and
do not correspond to external mechanical vibrations of
Couette cell. In the next part of the paper@29#, we analyze in
detail these temporal fluctuations.
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APPENDIX

In the particular case of the rheological behaviors o
tained in Sec. V C 1, i.e., the disordered textures5 f 1(ġ)
has a shear-thinning behaviors5Aġn and the layered state
s5 f 2(ġ) is a Bingham fluids5s01hġ, Eqs. ~11!–~14!
read as follows.

~i! If s(r ),s* , the velocity profile is given by

v~x!5vs2

r

R2
1r

n

2 F G

2pHR2
2 A

G 1/nF S R2

r D 2/n

21G .
-

y.
3-11
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~ii ! If s(r ).s* , the flow is also homogeneous and t
velocity profile reads,

v~x!5vs2

r

R2
1r

G

4p H R2
2 h

F S R2

r D 2

21G1r
s0

h
lnS r

R2
D .

~iii ! If there existsr for which s(r )5s* , the flow dis-
plays two bands, and forR11d,r ,R2,
ds

a-

e

ev

. E

nd

e
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v~x!5vs2

r

R2
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