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Shear banding in a lyotropic lamellar phase. Il. Temporal fluctuations
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We analyze the temporal fluctuations of the flow field associated with a shear-induced transition in a
lyotropic lamellar phase: thiayering transitionof the onion texture In the first part of this work Salmon
et al, Phys. Rev. B68, 051503(2003], we have evidenced banded flows at the onset of this shear-induced
transition which are well accounted for by the classical picturghefar bandingin the present paper, we focus
on the temporal fluctuations of the flow field recorded in the coexistence domain. These striking dynamics are
very slow (100-1000 s and cannot be due to external mechanical noise. Using velocimetry coupled to
structural measurements, we show that these fluctuations are due to a motion of the interface separating the two
differently sheared bands. Such a motion seems to be governed by the fluctuatidngteé local stress at the
interface between the two bands. Our results thus provide more evidence for the relevance of the classical
mechanical approach of shear banding even if the mechanism leading to the fluctuatibn®ofains unclear.
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I. INTRODUCTION These experiments mainly concern glassy materials and
wormlike micellar systems.

Emulsions, shampoos, and paints are examples of every- In the first part of this wor20], referred to as | in the
day life complex fluids. Anesoscopiscale located between following, we have started an exhaustive study of a shear-
the molecular size and the sample size is one of the moshduced transition in a lyotropic lamellar phase composed of
important features of these complex materials. In the case &fodium dodecy! sulphaté.5 wt % and octanok7.8 wt %
an oil-in-water emulsion, for instance, this length scale is then brine at 20 g L. Since the pioneering work of Roux and
diameter of the oil droplets ranging from 100 nm to a fewco-workers[5,6], this system has been widely studiedl—
microns. During the last decade, many experimental and the3). For y=1 s~1, the membranes are wrapped into multi-
oretical works have been devoted to the understanding of themellar vesicles callednions which form a monodisperse
effect of shear on these fluidsl,2]. A robust fact has disordered close-compact assembly. The characteristic size
emerged: the flow modifies the structure of the fluid, whichys the onions is a few microns. At higher shear rates (
in turn changes the flow field. =15 s 1), onions get a long range hexagonal order and are

In some cases, this strong coupling between flow an@rganized on layers sliding onto each other. This shear-
structure may induce the nucleation of a new phase or evejduced ordering transition is referred to in the literature as
create new structures oexturesthat do not exist at rest. In thelayeringtransition[24]. Using local velocimetry, coupled
wormlike micelles, for instance, shear may induce a nematigo structural and rheological measuremef2§], we have
phasd 3,4], whereas in membrane phases, shear creates nesiiown that above a critical shear rate, a highly sheared band,
textural organization$5,6]. Such shear-induced structures most probably composed of the ordered texture, is nucleated
(SIS) usually appear above a critical shear rater shear at the rotor of the Couette cell. This band coexists with the
stresso. For some range of controllegt (or o), the SIS \_/ls_cous dlso_rdered state thu§ leading to a banded flow. When
coexists with the unmodified structure, and then progres? IS further increased, the highly sheared band grows up to

. i . . . finally invade the whole gap of the Couette cell. The classi-
sively fills the flow asy (or o) is further l_nqeased. Usually, cal picture of shear banding thus holds for the layering tran-
the SIS flows very differently from the initial structure, and sition.
large variations of theeffectiveviscosity »=o/y are re- However, one point remains very striking. Indeed, the
corded near the shear-induced transition. Since the two struflow field presents large temporal fluctuations of the local
tures have different viscosities, inhomogeneous flows owelocity in the coexistence domain. Such fluctuations reach
banded flowsare expected. Such an experimental picture iup to 20% at the interface separating the two differently
referred to in the literature ashear banding1,2]. Shear- sheared bands. This phenomenon seems quite general in
banding scenarios have been reported in a large class of mghear-banded flows since such temporal fluctuations have
terials using both structural and rheological measurementglso been detected in some wormlike micellar systems using
[6—11]. Moreover, a few experiments based on local veloci-local velocimetry[16,17. On a more general ground, it has
metry have reported the existence of such inhomogeneoueen shown recently that some complex fluids may also ex-

flows where bands flow at different shear rafd@—19.  hibit some dynamics when submitted to a shear flow in the
vicinity of shear-induced transitionf8,14,25-27. In par-

ticular, in our lamellar phase, the effective viscosity
*Electronic address: sebm@crpp-bordeaux.cnrs.fr =g/ presents aperiodic or relaxational oscillations under
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controlled o, suggesting deterministic behaviors in a very T, 0

narrow range of parametef28,29. For all these dynamical Q_)

behaviors, referred to akeochaogeven thoughrue math-

ematicalchaos has not been evidenced so[ 28]), it seems v

that spatial degrees of freedom play a relevant role Vv

[14,25,29. On the experimental point of view, it is important

to determine whether the spatial organization of the flow

field near such transitions is responsible for the observed

dynamics. Such experimental data may then be very helpful - CCD

in unveiling the most relevant ingredients of the existing

theoretical model$30—-32. .
In this paper, we present a detailed study of the temporal .

fluctuations in our system. In the following section, after

recalling briefly the experimental setup, we analyze the tem/1

poral fluctuations of the global measurements and of some PMT

time series of the local velocity. In Sec. lll, we show that .

these temporal fluctuations are due to a motion of the inter- '

face separating the bands inside the gap. We then come back

in Sec. IV to the mechanical approach used to describe the FIG. 1. Experimental setup. A thermostated plaiet shown on

shear-banding scenario in RE20]. Assuming that the stress top of the cell avoids evaporation. The geometry of the Couette cell

o*, at which the interface between the disordered and théé H=30, R;=24, andR,=25 mm, leading to a gap widtle

ordered textures is stable, fluctuates in time, we are able tg Rz—R1=1 mm. f; are single-mode fibers ar@is a device cou-

describe the dynamics of the flow field recorded not OI—]|ypling the two fibers. PMT denotes a photomultiplier tube and CCD

under controlled shear rate but also under controlled shedf® charge-coupled device camera. The scattering volume is de-
noted by a smal® at the intersection of the incident and scattered

stress. _ Intersectic
beams, and its characteristic size is abouis0.
Il. GLOBAL AND LOCAL FLUCTUATIONS A laser beam crosses the transparent Couette cell along
IN THE COEXISTENCE DOMAIN the velocity gradient directio'Vv. The corresponding dif-

fraction patterns are collected by a charge-coupled device
camera on a screen in thg,(,q,) plane. Dynamic light scat-
The experimental setup has been fully described[20].  tering (DLS) experiments in the heterodyne geometry are

It allows us to perform rheological experiments and localperformed to measure the local velocity. Such a method
velocity measurements, and to determine the structure of thelong with its spatial and temporal resolutions has been de-
fluid at the same time. Figure 1 sketches the main features sicribed at length in Ref33]. The light scattered by a small
this setup. A controlled-stress rheometer imposes a constavelume of the sample is collected using a single-mode fiber.
torquel” on the axis of a Couette cell and records its rotationThe scattered electric field is then mixed with the incident
speed() in real time. From these twglobal quantities, the beam using an optical device coupling the two fibers. The
rheometer indicates the following stressand shear ratey ~ DOPPler frequency shift associated with the flow field inside

(also referred to asngineeringstress and shear rate the scattering volume is computed from the correlation func-
tion measured using an electronic correlator connected to a

A. Experimental setup

R+ R3 photomultiplier tube(see Fig. 1 From the Doppler fre-
=—=T, (1)  quency shift, the mean value of the velocity inside the scat-
4mHRIRS tering volume is then obtained using a careful calibration of

the setug 33]. The characteristic size of the scattering vol-

R2+ R2 ume is about 5Qum. To obtain ve_Iocity profiles in the gap of_
y= 20, (2)  the Couette cell, the rheometer is moved along the direction
R3—R3 of shearVuv by steps of 3Qum. Note that the measurement

of the local velocity at a specific position in the flow lasts
about 3-5 s. A full velocity profile is then obtained in about

whereH, R;, andR, are the geometrical characteristics of 5-3 min

the Couette cel(see Fig. 1 The engineering valuesr(y)
given by the rheometer represent the spatial averages of the

local stresso(r) and of the local shear ratg(r) over the _ )
gap of the Couette cell, in the case of a Newtonian fluids( The experimental procedure used to prepare the onion
the radial position in the floy Temperature is controlled €Xture is the following. The temperature is set &t
using a water circulation around the Couette cell. Since the=30°C. A constant shear rate=5 s * is applied for 7200
system under study is very sensitive to the exact fractions o$. This first step allows us to start the experiment with a
its components, great care has been taken to minimizeell-defined stationary state of disordered onions. The shear

evaporation using a thermostated plate on top of the cell. rate is then increased fror'jazs to 20 s by applying dif-

B. Temporal fluctuations of the global rheology
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FIG. 2. T=30°C. (a) Time series of the controlle(engineer-

ing) shear ratey(t). (b) Corresponding temporal response of the FIG. 4. (a) Six velocity profiles qbtained simultaneously to the
measuredengineeriny shear stress-(t). rheological data displayed in Fig. 2€22.5 s and T=30°C).
(b) Corresponding time-averaged velocity profile. The error bars are

1{_he standard deviation inferred from the six profiles displaye@d)in

. = . . Inset: temporal fluctuation§.e., standard deviationof the local
ferent sEelps IS 5, s. Fllnally, a constant shear rqte of velocity vs the positiorx. The horizontal lines indicate the imposed
=22.5 s " is applied. Figure 2 presents the evolution of the gior velocity v,. The vertical lines indicate the positions,
controlledy and that of the measuredduring this last step. =0.07,x,=0.46, andx;=0.70 mm where the time seriegx; ,t)
Let us recall that our rheometer imposes a torfjué\ con-  displayed in Figs. 5 and 6 are measured.

stant rotation speef) and thus a constant shear ratels

obtained by a computer-controlled feedback loop on the aplowever that the large peaks at very low frequency
plied I'. As shown in Fig. 2a), this procedure is very suc- (=10"" Hz) are certainly due to a lack of statistics.

cessful since the temporal fluctuations of the controjleate These above time scales ranging between 100 and 1000 s

less than 0.05%. However, some variations greater than odre very long when compared to the period of rotation of the
.05%. : . - . o

s~ 1 are sometimes recorded but they are very rare and proffzouette cell &7 s aty=22.5 s 7). They are reminiscent of

ably induced by external mechanical noise. The measureti€ long time scales of the shear rate oscillations observed in

stresso(t) is almost stationary: the temporal fluctuations of the sameosystem under controlled stress for temperaiures

O'(t) are about 0.4%[399 Flg ﬁ))] The nonequality be- =T.=27 C[28,2q Thus, the differences between the am-

tween the fluctuations of the controlledand the measured Plitude of the fluctuations of and ofo- are probably not due
o(t) raises important questions: such a difference might ret® @ bad filling of the Couette cell but rather hide an impor-
sult from bad filling conditions of the Couette cell or may t&nt physical point.

hide more fundamental points in the rheological analysis.

To proceed further in this analysis, we plot the probability C. Temporal fluctuations of the local velocity
density function(PDF) of o in Fig. 3@). p(o) is very well
fitted by a Gaussian distribution centered around the mean ]
value(o)=16.21 Pa and characterized by a standard devia- L€t us now turn to the local velocimetry measurements.
tion of 0.065 Pa. In Fig. ®), we try to evidence some char- Figure 4a) presents various yelocﬂy profiles obtained under
acteristic times by computing the frequency power spectrunthe same applied shear ratepf22.5 s'1. We recall that it
of the signal. This spectrum presents a bump around 0.00@&kes about 3 min to record a full velocity profile. These
Hz corresponding to characteristic times of the order of 50(rofiles clearly differ from each other and large variations of
s. These time scales are short enough to be statistically wetlhe velocity are observed. These variations are meaningful
described by our measurements, since our signal was rend greatly exceed the resolution of our experimental setup.
corded during & 10* s with a sample rate of 1 s. Let us note If we decide, as in [20], to average these measurements and
to calculate their standard deviations, we may define error
bars on the time-averaged velocity profile which correspond
to the amplitudes of the temporal fluctuations.

The time-averaged profile reveals the following three ma-
jor issueqsee Fig. 4b)].

(i) Sliding occurs: the velocity of the fluid does not vanish
at the stator and does not reach its expected value at the
rotor.

(i) Moreover, the sliding velocitiess;, defined as the
difference between the fluid velocity near wall numband
the velocity of wall number, are almost constant. The lubri-

FIG. 3. (a) Probability density function of the time serie¢t) ~ cating layers responsible for the observed sliding do not
displayed in Fig. ). The continuous line is a Gaussian distribu- present any dynamics at the precision of our setup.
tion with mean 16.21 Pa and with standard deviation 0.065)a. (iiil) Two bands with different shear rates coexist in the
Power spectrum of the time seriegt) displayed in Fig. tb). gap of the Couette cell. The highly sheared band is located

ferent steps lasting 5400 s. The increment between two di

1. Fluctuating velocity profile
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Finally, as shown in the inset of Fig(ld), the amplitude 0
. . . . 0 1000 2000 3000 3 4 5.6
of the relative temporal fluctuationsv/v varies with the Time (9) v(mms?)
position in the gap and seems to reach a maximunx at
~0.5 mm where lies the interface between the two differ- £ 6. Time series (x;,t) (mms %) and corresponding prob-

ently sheared bands. Note thét/v seems to diverge at  apility density functions obtained simultaneously with the data dis-

—1: this is due to the small values of the velocities near theslayed in Figs. 2 and 4, =0.07,x,=0.46, andkz=0.70 mm. The

stator and to the intrinsic uncertainty of our setup5%). continuous lines are the Gaussian distributions with the means and
the standard deviations of the time serigs; ,t).

2. Fluctuating time seriesv (x,t) tion of 0.6 mms? nicely fits the experimental distribution

The variations recorded above refer to the amplitude off the local velocity.
the temporal fluctuations. To analyze them in more detail, we (i) In the middle of the gap at2=(?.46 mm, the fluctua-
record the evolution of the local velocity at a given position 10nS are much larger and reach 12%. Moreover, the fluctua-

in the flow field by measuring successively several correlalionS aré not symmetric: more events occur at high velocity

; ; ; than at low velocity. The distribution is thus not Gaussian.
tion functions accumulated over 3 s. We thus obtain the evo="<".. . 2
(iii ) Near the stator at;=0.70 mm, this behavior is even

lution of the v_elocity with a temporal sample rate of 3 . Th-ismore pronounced: the velocity seems to fluctuate between
samp!e rate is short enough to follow the slow dyl_"namlcstwo states. Most of the time, the velocity remains equal to
described above and long enough to measure precisely tt%l

71 . . . _
velocity [33]. Figure %a) presents the measurement per- out 3.5 mms , but sometimes the velocity increases rap

. ; . . idly to 5-6 mms®. The most probable velocity is now
formed in the middle of the gap &,=0.46 mm. The signal a5y smaller than the mean velocity. The probability den-

was recorded during 11500 s. The inset clearly reveals flucsj, fnction is highly dissymmetric and shows a long tail of

tuations of the local velocity with an amplitude of about ;516 events at high velocities.

4 mms ! and characteristic times ranging from 100 to 500 These measurements show tkiatlong time scales rang-

s. The power spectrum displayed in Figbppoints out the  jng between 100 and 1000 s are involved in the dynamics of

same feature: it presents a bump centered between 0.002 aﬂﬁ% local velocities(ii) the amplitude of the fluctuations var-

0.01 Hz. These measurements show that the time series @fs in the gap and reaches a maximum at the interface be-

the local velocity presents large fluctuations that involve longween the bands; angii) the probability density functions

time scales. are Gaussian near the rotor and become highly dissymmetric
In order to check whether these behaviors occur homogeaiear the interface in the weakly sheared band.

neously in the entire gap of the Couette cell, we have re-

peated the same measurement for three positions in the gap!!l- EVIDENCE FOR A MOTION OF THE INTERFACE

x1=0.07, x,=0.46, andx3=0.70 mm. Figure 6 reports BETWEEN THE TWO BANDS
these measurements and presents the corresponding prob- A. Local velocimetry measurements
ability density functiong(v) of the local velocities, given as

follows To proceed further into the analysis, a dynamical picture
y of the flow in the entire gap would be very helpful. Unfor-

(i) Close to the rotor ak, = 0.07lm.m, Fhe velocity does. tunately, our experimental setup does not provide an excel-
not fluctuate much: the relative variation is equal to 4%. Th|s1ent temporal resolution: about 2—3 min are necessary to

value is of the same order of magnitude as the uncertaintiegyain a full velocity profile by moving the rheometer along
on the m_easurement. It is thus rather difficult to_ analyze preg,e velocity gradient directioNv. This time is comparable
cisely this dataset. However, temporal fluctuations of aboufy the time scales involved in the temporal fluctuations.

100 s are Clearly present. A Gaussian distribution Centereﬁhusl the Ve|ocity proﬁ'e is ndtrozen during the measure-
around 15.5 mms' and characterized by a standard devia-ment.
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rates[see Fig. @]. In this last case, the thickness of the
highly sheared band is roughly equal to 20fh. It seems
that these two families of profiles correspond to frozen pic-
tures of nearly stationary flow fields.

At this stage, an interpretation of the temporal fluctuations
begins to emerge. These fluctuations could be correlated to
the motion of the interface between the two bands. If the
position of the interface moves, then different kinds of ve-
locity profiles will be measured at this low shear rate: linear
@ ZOM ones when the highly sheared band is absent and shear-

banded ones when the two textures coexist. Fluctuations of
the position of the interface separating the two bands will
also lead to a spatial localization of the fluctuations of the
local velocity. This is indeed the case, as can be seen in the
inset of Fig. Tb).

In order to further check this idea, we performed the same
experiments at higher shear rates. Since the temporal fluctua-
tions are more important, frozen pictures of the flow field are
more difficult to capture. However, some profiles reveal the

same results as foy=15 s 1. Figure 7c) shows two differ-
ent velocity profiles averaged over some well-chosen profiles

among 13 successive measurementﬁaQZ.S s 1. In both
cases, two differently sheared bands coexist in the gap. How-
ever, the position of the interface varies a lot. For the first
group of velocity profiles, the interface lies @=0.25 mm
0 0.5 Lo 0.5 1 and it has moved tx~0.55 mm for the second group. In
x (mm) x (mm) both cases, the velocity of the fluid near the rotor is nearly
constant. This implies that the shear rate in the highly
sheared band has changed from 35 to 23 $Note that the
The vertical dashed line lies at=0.20 mm. (b) Velocity profile shear rate in the \_Neakly sheared band does not seem to vary.
. . 1 On average, the interface between the two textures ligs at
averaged over 13 consecutive measuremenjs=dt5 s *. (c) Two . . . .
. . o Y ~0.40 mm and the amplitude of the fluctuations is maximal
averaged groups of velocity profiles obtainedyat22.5 s *. The at this positionsee Fig. 7d)]
vertical dashed lines lie at=0.25 andx=0.55 mm.(d) Velocity The same conclusions may be drawn by looking at two

profile averaged over 13 consecutive measurements yat . . o 1 . .
=22.5s1. (e) Two averaged groups of velocity profiles obtained 9T°“ps of proflles Obtamed.a}t_ 37s" and dISplaye.d in
: 1 ) L Fig. 7(e). In this case, the highly sheared band has invaded
at y=37 s *. The vertical dashed line lies at=0.60 mm.(f) Ve- . ; . . .
the gap on d@ime-averagegoint of view since the velocity

locity profile averaged over 20 consecutive measurements at profile averaged over 20 successive measurements is almost
=37 s L. (b), (d), and (f): the horizontal lines indicate the rotor linear [see Fig. T)]

velocity vy. Insets: temporal fluctuations of the local velocity in-
ferred from the standard deviation of the different measurements
VS X.

oviv (%)

FIG. 7. Experiments af =30 °C and under controlled shear
rate. (8) Two individual velocity profiles obtained ag=15 s *.

B. Temporal fluctuations of the structure

The previous measurements clearly show a displacement

In I, we have analyzed the time-averaged velocity profilesof the interface between the two bands in the gap. As the two
obtained using a careful protocol to study the layering tranbands present different microscopic structures, we believe
sition (see Ref[20]). Keeping in mind the time needed to that this motion may also be detected on the diffraction pat-
obtain a full profile &3 min), we now focus orndividual  terns. The patterns associated with the disordered texture are
profiles, i.e., without averaging. homogeneous rings, whereas six peaks modulate the ring at

Figure Ta) presents two individual profiles obtained at the onset of the layering transition. These peaks are associ-
y=15 s and the time-averaged profile calculated over 13ated with the hexagonal long range order of the onions on
successive measurements is shown in Fig). For this ap-  Planes oriented along the flof21]. Let us recall that the
plied shear rate, the time-averaged velocity profile is almosgliffraction patterns correspond to a measure of the structure
linear. Sliding is observed both at the rotor and at the statofntegratedalong the velocity gradient directioiv. During
The inset of Fig. {b) presents the relative fluctuatiods/y  the layering transition, the diffraction pattern evolves con-
vs the positionx. sv/v reaches a maximum of 10% at tinuously from a homogeneous ring to six well-defined peaks
~200 wm. Moreover, among the 13 individual profiles, we [20]- _
can distinguish two kinds of measurements: some are linear A series of images were taken every 10 s #at
while others present bands supporting different local shea=22.5 s* andT=30°C in the coexistence domain. To en-
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FIG. 8. Time seriesg(t) (arbitrary uni} measured simulta- a i >
neously with the data displayed in Figs. 2 and 4at22.5 s and Ta s Shear rate
T=30°C. (a)—(d) Diffraction patterns obtained at the times indi-
cated by the dotted lines.

FIG. 9. Flow curve of the layering transition. The contribution
due to wall-slip is removedA-B indicates the coexistence domain
between the two textures.
hance the signal-to-noise ratio, each image corresponds to an
average over five successive pictures separated by 40 mBhe shear rate plotted on this flow curve is the true shear rate
From the intensity of the peaks relative to that of the ring, wein the bulk material once slip effects are removed. The ho-
can compute alegree of organizatiorof the samplg29]. mogeneous branches corresponding to the disordered and
Such a parametep is defined as the difference between thelayered states yield the local rheological behaviars
maximal intensity and the minimal intensity measured on the=f.(), wherei=1 (i=2) denotes the disorderékyered
ring. ¢ is significantly larger than 0 when peaks modulatetextyre.
the ring, whereasp~0 when rings are uniform. Figure 8  pue to the curvature of the Couette cell, the local stress
presents the evolution of as a function of time fory  o(r) varies in the gap as
=22.5 1. First, note thatg(t) is always positive since
peaks are always present on the ring: the intensity modula- r Ri
tion of the ring is due to the presence of a highly sheared o(r)= m:‘flr_zv ©)
band most probably corresponding to the layered state of

onions. Indeed, as shown in Fig(b4 the width & of the wherer is the radial position in the gap; is the imposed

o= Rl

ordered band is a.‘bOUt O'.5 mm at the consi_defed . torque, andr;=T'/(27HR?) is the stress at the rotor. In our
However, the time serieg(t) fluct_uates with characterlg- mechanical picture, the interface lies at a given stiess
tic periods of 100—-500 s. The amplitude of these fluctuatlon%he width 8 of the Highly sheared band is thus given by
is rather small but still meaningful, since some well-chosen
patterns[see Figs. 8)—8(d)] clearly show the variation of
the contrast of the peaks on the ring. These structural fluc- / o1 1 @
tuations support the idea that the proportion of ordered on- o* '
ions relative to disordered onions constantly changes, which
is consistent with a motion of the interface between theIt is then straightforward to compute the theoretical profiles
bands. Moreover, it is reasonable to assume that such m an arbitrary value off [20]. If o(r)<o* [o(r)
order_ing/disordering process, Ieadi_ng to the displacement o* 1 everywhere in the gap, the flow is homogeneous and
the hlghly_ shea}red band, involves time scales Iong.er than thgomposed of the disorderétay’ered state of onions. In that
characteristic times of hydrody_nam|cs. SUCh. long time Scaleéase, the velocity profiles are given by the following integra-
correspond to those observed in the dynamics(@j and of tion of the rheological behavior:
U(Xi ,t) '

IV. ANALYSIS USING A SIMPLE o(f) _va fr YWy ®)

MECHANICAL APPROACH r R R, U

A. Constitutive equations of the mechanical approach ) ] )
) _wherey(r) is found by solving
In I [20], we have shown that the time-averaged velocity

profiles may be well fitted by a simple mechanical approach. r

Using the rheological data vs y together with the assump- o(r)=———=f,(9(r)), (6)

tion that the interface between the bands always lies at the 2mHr?

same local stress*, we were able to reproduce the velocity

data. Let us recall briefly such a mechanical approach. Thandi denotes the considered branch. When there exists one
flow curve obtained from the rheological data where the conparticular position in the gap whetg(r) = o*, the flow dis-
tribution due to wall-slip is removed is sketched in Fig. 9. plays two bands supporting different shear rates. To calculate
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the resulting velocity profile, one should separate the previ-
ous integration betweefR,;R;+ &] and[R;+ 6;R;] (see
Ref.[20] for details.

From this set of equations, one can compute a theoretical
profile v (x) from an arbitrary value of . It is then straight-

forward to infer an engineering shear raténdicated by the
rheometer. Such a procedure has been applied to our data in
Ref. [20]: since Eqgs(5) and (6) lead to satisfactory fits of
both the flow curve and of the velocity profiles, the assump-
tion that the interface lies at a given stress, holds for the : :
layering transition. ' -

Stress

A ¥ Shear rate
B. Temporal fluctuations of o* A
One point is particularly important: for a given value of v(z) (b)

torqueT’, there exists only one profile(x). Thus, under
controlled shear rate, these equations predict that the stress
indicated by the rheometer is well defined and that the posi-
tion of the interface is fixed. Moreover, one can easily check
that if o* is fixed, very small variations of the applied shear
rate cannot induce large fluctuations of the measured
Thus, the experimental data displayed in Fig. 2 cannot be
understood simply by these equations.

However, since Eqg5) and(6) describe nicely the time-
averaged velocity profiles, we believe that if a crucial param-
eter of the previous equations possesses its own hidden dy-

namics, the mechanical appr(_)ach may St'"_ help us FIG. 10. (a) Schematic flow curve for the shear-banding sce-
understand the observed fluctuations. Since the interface bﬁério in the Couette geometry. When the stredsfluctuates, the

tween the two bands fluctuates in the gap and since its poSfssition of the stresplateauchanges from the continuous line to
tion is fixed byo™* through Eq.(4), we can reasonably as- the dotted line. Poinh indicates the initial configuration of the flow
sume that some fluctuations of could explain our data. field. B: final configuration under controlled shear rate, the mea-
Figure 10 presents a sketch of this scenario. Consider agured stress has varied framto ¢’. C: final configuration under
initial stateA in the shear-banding region. The flow profile ¢ontrolled stress, the shear rate has varied fiota y'. (b) Corre-
presents two differently sheared barjdse Fig. 1M)]. Let  sponding velocity profiles, is the rotor velocity.

us now assume that* slightly increases. The position of the

stress plateathus changes, as well as the position in the gap o d h ds to d ib :
that corresponds to™* . The interface does not lie at a stable ur-crude approach succeeds 1o describe many exper-

position anymore. Under controlled shear rate, the fina/"€Ntal points(i) The fluctuations ot induce a large fluc-
stable state will lie at poinB on the flow curve, and the tuating motion of the interfacesee Fig. 12 (ii) The ampli-
global stress will vary fromo to o’. This simple picture

helps us understand why fluctuationscotould be observed @

without any significant fluctuations of and with a motion
of the interface in the gap.

To proceed further into the analysis, one should compare
such a scenario to the experimental data. Since the global
stresso fluctuates agr™, we assume that the fluctuations of
o* have the same shape as thoser¢f). Figure 11a) dis- 6
plays a time series™* (t) inferred from a typical time series !
o(t) obtained under controlled shear ratejat22.5 s 1. 0 1000 2000 3000 0 05 L
The mean value of* is set at 16.15 Pa, the value leading to Time (s) x (mm)
the best fits of the experimental data in Ref0].

We have presented in Fig. () the resulting theoretical

Y

(b) is

,_.
o

]

(=]

Sviv (%)

b

l"l\\ [l [ hll [

AR w !t
Y |, n! u,’ n“h,
f i

0 0.5 1

Stress (Pa)
1)

X (mm)

v(x) (mm s_l)

,_.
W

FIG. 11. (a) The continuous line is the experimental time series

: . . % o(t) measured af=30°C and aty=22.5 s'*. The dashed line is
velocity profiles computed from Eqeb) and (6) with o (1) the time seriesr* (t) used to compute the theoretical velocity pro-

displayed in Fig. 1(a). Figure 11b) also presents the experi- fios in our mechanical analysisee text (b) Corresponding ex-
mental time-averaged velocity profile obtained &t  perimental velocity profile ©). The bundle of continuous lines
=22.5 s'* for comparison. Figure 12 displays a time-spacecorresponds to the theoretical velocity profiles computed from Egs.
plot of the same theoretical velocity profiles. The time serieg5) and (6) at y=22.5 s and with o* (t) displayed in(a). Inset:
4(t) of the position of the interface computed from E4)  amplitude of the theoretical temporal fluctuations inferred from the
has also been added on this time-space plot. standard deviation of the theoretical profiles vs position
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FIG. 13. (a) Two averaged groups of velocity profiles obtained
at c=12.5 Pa andT=26 °C. The vertical dashed lines lie at
=0.25 andx=0.50 mm. The dotted lines help us to guide the eye
in the highly sheared bandb) Velocity profile averaged over 14
consecutive measurements at the same stress. The error bars are the
standard deviations of these estimates. Inset: temporal fluctuation of
the local velocity inferred from the standard deviation of the differ-
ent measurements vs

FIG. 12. (a) Time-space plot of the theoretical velocity profiles
displayed in Fig. 1(b) and calculated with the time series (t)
presented irtb) (dashed ling The black line is the theoretical width
6 of the highly sheared band calculated using Ef). (b) Corre-
sponding time seriesr(t) (continuous ling and o*(t) (dashed
line).

tude of the fluctuations of the flow field is thus localiisée
inset of Fig. 11b)]: they reach a maximum of about 10% at
the position of the interfacdiii) A quantitative agreement
may be found between the theoretical fluctuations and th
measured data within this crude approach: fluctuations*of

0% | I 0,
by 2% induce fluctuations of the measuredoy 1%, and o* changes the position of the plateau on this flow curve.

fluctuations of the local velocities reaching 10% at the inter . . S
face. Let us outline that fluctuations of the other parametergnder controlled stress, the final stable configuration lies at

of the mechanical equations, such as the viscosities of theoint C: the shear rate has varied fromto y’ and the
two different textures, will not be able to reproduce theselnterface has moved in the gap.
dynamics.

gwe measured vary a lot. Following our crude mechanical
approach, the situation is the one sketched in Fig. 10. The
flow field is initially stable at pointA. A small variation of

V. CONCLUSIONS, DISCUSSION, AND PERSPECTIVES

C. Validation under controlled shear stress The present work has provided an exhaustive study of a

To fully validate our mechanical approach, one shouldshear-induced transition in a specific complex fluid: ¢me
perform experiments under controlled shear stress, and shoan textureof a lyotropic lamellar phase. Under controlled
that the fluctuations ob* may also induce a fluctuating shear rate and above some critical value, onions get a long
motion of the interface and some variations of the measuretinge hexagonal order into planes sliding onto each other. In
¥(t). the vicinity of this ordering transition, one observes a spatial

However, for temperaturéE=T,=27 °C and under con- ©rganization of the flow field: a band corresponding to the
trolled stress, the lyotropic lamellar phase under study disordered texture is nucleated near the rotor and coexists with

plays well-defined oscillating behaviors ft) with a period the disordered texture. As pointed out by our velocity mea-

. ! . surements, these two structures flow with different shear

of about 500 s and an amplitude reaching about 20iis the i i .
vicinity of the transition. Unfortunately, our setup is not suit- 2tes and the highly sheared band invades the gap &s
able for following such dynamics of the flow field, since the incréased. The proportion of the two differently sheared
involved periods are of the order of minutes and the amplibands in the flow field is governed by the controllgdand
tudes are large. Using DLS velocimetry, it is thus rather dif-by o*, the local stress at the interface.
ficult to determine whether the shear rate oscillations ob- Our experiments have also revealed the presence of large
served forT=T, are due to an oscillating motion of the fluctuations of the flow field localized at the interface be-
interface. We thus decide to perform experiments for temiween the two bands. Using DLS velocimetry coupled to
peraturesT<T., where the shear rate only displays fluctu- rheology and structural measurements, we have shown that
ating behaviors rather than sustained oscillations. Indeed, ihese temporal fluctuations are due to a fluctuating motion of
this region of parameters, the amplitude of the dynamics i¢he interface in the gap. The characteristic times of these
rather small and the dynamics is slow enough to be captureuzzling dynamics range between 100 and 1000 s and do not
by our setup. correspond to external noise. Using the classical mechanical

Figure 13a) presents two well-chosen groups of velocity picture of shear banding, we have demonstrated that the fluc-
profiles measured in the coexistence domain under controlle@iations ofc* may explain the observed dynamics. Indeed,
o and atT=26°C. The velocity profile averaged over 14 under controlled shear rate, small variationsodf may in-
successive measurements is shown in FigblThese data duce small variations of, but also large fluctuations of the
clearly show a very large motion of the interface in the gapinterface between the bands and thus localized fluctuations
(from x=0.25 to 0.50 mm In this experiment under con- of the flow field. Under controlled stress, we have also
trolled stress, the velocity of the fluid near the rotor and thusshown that forT<T.=27 °C fluctuations ofe* may de-
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scribe correctly the observed displacement of the interface banding. Moreover, in the specific system studied here, one
This crude approach describes very nicely the dynamicsnay also question the role of lubricating layers in the ob-
of the fluctuations but raises a crucial question: whyisa  served dynamics. A complete study of the dynamics of slip
fluctuating parameter? Clearly, this parameter does not varyelocity is left for future work.
because of some external mechanical vibrations. Following Finally, one last point is left unclear: above the critical
Lu’'s theoretical approac84], this parameter depends on the temperatureT, and under controlled stress, why do the dy-
mathematical form of the model which describes the transipgmics seem to become deterministic or even seem to dis-
tion, in particular, on the local constitutive behavior at thepjay chaotic behavior29]? To answer such a crucial ques-
interface, and its origin lies in the presence of gradient termsjon, it is necessary to increase the temporal resolution of our
In the phenomenological model of Rg85], for instanceg™  setyp. We plan to use a spectrum analyzer to reduce the
depends on the rate of change between the two structures gquisition time of the velocity measurements or to tumn to
the differently sheared bands. One could imagine that extegther velocimetry methods such as ultrasonic techniques
nal temporal fluctuations, for instance, temperature fluctuarz7) These experimental improvements will certainly help in
tions, may induce temporal variations of some rh‘5’0|09'C;T;etting a more precise spatiotemporal picture of dynamical

H * . . .
parameters controlling™ . _ _ _behaviors in complex fluids.
However, based on the very long time scales involved in

the recorded dynamics, one may also suggest that a dynami-
cal equation describing the evolution @f is missing. Such

an equation is difficult to derive since it must describe pre-
cisely the microscopic structure of the system. Other theoret- The authors are deeply grateful to D. Roux, L.cBeand

ical approaches such as those of 86|, based on a dy- C. Gay for many discussions and comments on this work.
namical equation for the motion of the interface, may alsoThe authors would like to thank theellule Instrumentation
fully reproduce the observed fluctuations if other dynamicalat CRPP for the realization of the heterodyne DLS setup. We
equations concerning the structure are added. Understandimadso wish to thank A. Ajdari, A. Aradian, C. Barentin, L.
the origin of the fluctuations of* from a microscopic point Bocquet, L. Chevillard, F. Molino, G. Picard, L. White-
of view remains a major challenge in the study of sheaBenon, and C. Ybert for many helpful conversations.
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