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Ribbon phase in a phase-separated lyotropic lamellar-sponge mixture under shear flow
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We report the effect of shear flow on a phase-separated system composed of lyotropic lamellar (La) and
sponge (L3) phases in a mixture of brine, surfactant, and cosurfactant. Optical microscopy, small-angle light,
and x-ray scattering measurements are consistent with the existence of a steady state made of multilamellar
ribbonlike structures aligned in the flow direction. At high shear rates, these ribbonlike structures become
unstable and break up into monodisperse droplets resulting in a shear-thickening transition.
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I. INTRODUCTION

Dispersing one fluid into another immiscible one is
everyday experience~e.g., mixing milk with coffee, prepar
ing salad sauces, etc.! that requires the use of shear flow
rupture large drops into small droplets@1–4#. Since the pio-
neering work of Taylor on dilute emulsions@5#, many au-
thors have studied the interplay between surface tension,
cosity, and flow that leads to the deformation and breakup
droplets under shear flow. In the past, extensive works al
this line have been carried out on partially miscible bina
mixtures undergoing phase separation, e.g., semidilute p
mer solutions, near-critical and off-critical liquid mixture
etc. @6–9#. When the viscosities of both phases are simi
the dispersed phase forms somewhat deformed drople
the order of the breakup sizeRb's/(hġ), wheres is the
surface tension,h is the viscosity, andġ is the shear rate
Light scattering experiments in off-critical binary mixture
@8# and polymer solutions@9# have revealed nearly monodis
perse distributions of droplets of the minority phase with s
of the order ofRb , which scales like the inverse of the she
rate. When both phases are percolated~as in near-critical
mixtures!, the competition between flow and coarsening
sults in a very different steady state known as the ‘‘str
phase’’ @10#, consisting of strikingly elongated cylindrica
domains along the flow direction. The existence of suc
string phase is quite surprising since a long cylinder of fl
at rest would normally break up via the Rayleigh instabili
However, Frischknecht@11# has recently shown that th
shear flow can stabilize both the hydrodynamic Rayleigh
stability and the thermodynamic instability of a cylind
against various perturbations by mixing with nonaxial sy
metric perturbations.

In this article, we report the effect of shear flow on
phase-separated lamellar-sponge fluid composed of b
surfactant, and cosurfactant. Contrary to other systems s
ied before, here one of the coexisting phases possesses
ing elasticity that adds up to the interplay among surfa
tension, viscosity, and flow and can modify the microstru
ture in the steady states. In this system, we observed
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existence of a new steady state consisting of ribbonlike st
tures, aligned in the flow velocity direction. At high she
rates, these ribbons become unstable and fragment
monodisperse droplets corresponding to a shear-thicke
transition.

II. EXPERIMENTAL METHODS

The experimental system consisted of a quaternary m
ture of sodium dodecyl sulfate~SDS!, octanol, and brine~20
g/l of NaCl!. The phase diagram of this system exhibits
coexisting region between lamellar (La) and sponge (L3)
phases at room temperature@12#. While the membranes ar
stacked with smectic order in the (La) phase, the sponge
phase is made of disordered and multiply connected m
branes that divide the solvent into two equivalent subv
umes@13#. In addition, their rheological behavior is drast
cally different;L3 phase is usually a low viscous Newtonia
fluid whereasLa phase presents strong non-Newtonian b
havior as a result of the strong coupling between the mic
structure and the flow field@14,15#. It should be noted that in
some systems shear flow induces a sponge-to-lamellar p
transition@16,17#. However, the small-angle x-ray scatterin
~SAXS! data described below clearly exclude this possibil
in our system.

We have worked with a sample composed of 11.35%
SDS ~Prolabo!, 13.65% of octanol, and 75% of water con
taining 20 g/l of NaCl by weight. This solution is a lamella
phase below 30 °C and a sponge phase above 40 °C. A
termediate temperatures, the mixture separates into coe
ing La /L3 phases, with the macroscopic meniscus appea
within a few minutes when left unstirred. Small shifts in th
transition temperatures can be observed from sample
sample due to the composition and purity of the chemi
used. In order to study the effect of shear flow on theLa /L3
mixture, we first allowed the solution to reach equilibrium
the one-phase region below 30 °C and then performed a t
perature quench of the sheared solution to bring it to
La /L3 coexistence region. After a few minutes, a mac
scopically homogeneous steady state is reached, provide
shear rate is.10 s21 to prevent macroscopic demixing@18#.
We have studied the structure of these steady states
function of shear rate over the temperature range 30–40
The results presented below pertain to 33 °C that correspo
d-
©2001 The American Physical Society05-1



e.
at
ic
ar
te
s

ve
m

e
d

ixe
d
m
an
e
a

-

to

trant

di-

teady

ig.
a-
uc-
ess
g,
w

icity

ed
has
the

ures
y
ear.

ope
still

pe,

t a
re

er

G. CRISTOBAL, J. ROUCH, P. PANIZZA, AND T. NARAYANAN PHYSICAL REVIEW E64 011505
to a lamellar phase volume fraction of 45% in the mixtur
The rheological characterization of these steady st

was performed with a Rheometrics RS5 rheometer, wh
was operated under constant stress mode. The transp
Couette cell consisted of a stator and a rotor with diame
19 and 20.5 mm, respectively. The experimental setup u
to measure the small-angle light scattering~SALS! under
shear flow ~shear rate imposed! in the velocity-vorticity
(VW ,ZW ) plane has been described elsewhere@18#. The SAXS
measurements of sheared samples were performed on
ID-2 beamline at the ESRF in Grenoble, France. The wa
lengthl of the incident monochromatic radiation was 0.1 n
and the beam size was 1003300mm2 ~horizontal and verti-
cal directions, respectively!. The scattered intensities wer
recorded by an image intensified charge-coupled device
tector with an active area of size about 230 mm and p
size 0.175 mm. The polycarbonate Couette cell consiste
a stator and a rotor whose diameters are 10 and 12
respectively. The data reported here correspond to a dist
between sample and detector of 5 m. The sample temp
ture was controlled to within 0.01 °C and the shear rate w
varied between 10 and 1000 s21. By translating the cell
across the beam, we recorded the SAXS pattern in the (VW ,ZW )
~radial beam configuration! and (¹VW ,ZW ) ~tangential beam
configuration! planes, whereVW , ZW , and ¹VW refer to direc-
tions of the flow velocity, the vorticity, and the velocity gra
dient, respectively.

III. RESULTS

Figure 1 shows the behavior of viscosityh as a function
of shear rateġ. It displays two branches corresponding

FIG. 1. Viscosity as a function of shear rate at 33 °C. Inse
flow visualization in the Couette cell in the reentrant region cor

sponding to an imposed stress of 2 Pa. The velocityVW and vorticity

ZW directions are horizontal and vertical, respectively. SALS patt
in the (qW v ,qW z) plane at 33 °C for ġ,370 s21 ~inset b! and
ġ>480 s21 ~inset c!.
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low and high shear rates~or stresses!, where the mixture is
Newtonian. These two branches are separated by a reen
region, in whichh is a decreasing function ofġ. In this
region, when the stress is fixed, the flow visualization in
cated the existence of shear bands~see inset a in Fig. 1!.
These shear bands reveal a coexistence between two s
states found at low and high shear rates~or stresses! @19–21#.
According to Olmsted’s classification@21#, the observed pat-
tern ~horizontal bands in the Couette cell, see inset a in F
1! is characteristic of a ‘‘B2 common strain rate phase sep
ration’’ when the stress is fixed. We investigated the str
ture of the two steady states found at low and high str
~i.e., shear rates! by means of small-angle light scatterin
optical microscopy, and small-angle x-ray scattering. At lo
shear rates~i.e., ġ<370 s21!, in small-angle light scattering
we observed a streak pattern elongated along the vort
direction as shown in Fig. 1~inset b!. It is worth noting that
this pattern is identical whether or not the stress is fix
instead of the shear rate. A similar scattering pattern
already been observed by Hashimoto and co-workers in
case of the ‘‘string phase’’@10#. This streak pattern directly
indicates the presence of some very anisotropic struct
aligned in the flow velocity direction. This strong anisotrop
disappears within a few seconds up on the cessation of sh
The texture observed at rest under a polarizing microsc
showed the presence of very large lamellar droplets
slightly elongated alongVW and immersed in theL3 matrix as

FIG. 2. Texture observed at rest under a polarizing microsco
~a! ġ5200 s21 and ~b! ġ5800 s21.
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FIG. 3. SAXS profiles obtained in the different planes. The intensities are normalized to an absolute scale~per sterad mm!. ~a! Along the
vorticity ~closed circles! and the velocity~open circles! directions forġ5200 s21. Inset: Two-dimensional~2D! pattern in the (qW v ,qW z) plane.
~b! Along the vorticity ~closed circles! and the shear gradient~open circles! directions forġ5200 s21. Inset: 2D pattern in the (qW ,v ,qW z)
plane.~c! Along the vorticity~closed circles! and the velocity~open circles! directions forġ5800 s21. Inset: 2D pattern in the (qW v ,qW z) plane.
~d! Along the vorticity ~closed circles! and the shear gradient~open circles! directions forġ5800 s21. Inset: 2D pattern in the (qW ,v ,qW z)
plane.
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depicted in Fig. 2~a!. This indicates that the elongated d
mains under flow are made of the lamellar phase since
lamellar droplets observed at rest result from the Rayle
instability. For ġ>480 s21, the anisotropy vanishes and th
scattering pattern becomes isotropic indicating that the e
gated structures have been completely destroyed as ca
seen in Fig. 1, inset c. The corresponding optical microsc
picture@Fig. 2~b!# shows the presence of monodisperse m
tilamellar droplets immersed in theL3-phase matrix that are
slightly deformed@18#.

The microstructure of these two steady states in the (VW ,ZW )
and (¹VW ,ZW ) planes can be probed by SAXS using a high
collimated beam that traverses through either the cente
the cell ~radial configuration! or the middle of the Couette
gap ~tangential configuration!, respectively. Figures 3~a!–
3~d! show typical scattering patterns obtained in the (VW ,ZW )
and the (¹VW ,ZW ) planes at low and high shear rates. SAX
data observed in the coexisting region ofLa /L3 phases ex-
hibit two peaks corresponding to a smectic distan
01150
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d59.0 nm of theLa phase and to the correlation leng
j514.9 nm of theL3 phase. From the SAXS patterns o
served in the radial and the tangential configurations,
orientation of each coexisting phase can be determined i
pendently. The orientation of theL3 phase is always isotro
pic under shear flow whereas the orientation of theLa phase
is strongly anisotropic at low shear rates but becomes m
isotropic at high shear rates. In the anisotropic case, mos
the membranes in the lamellar phase are oriented per
dicular to the vorticity direction. The proportion of the mem
branes of theLa phase oriented in the (VW ,ZW ) and (¹VW ,ZW )
planes is determined by comparing the intensity of the c
responding Bragg peaks along the different directions, us
the isotropic intensity of theL3 phase as a reference. At lo
shear rates, we found thatI z /I v'70 andI z /I ¹v'9, where
I z , I v , and I ¹v are the intensity of the lamellar Bragg pea
alongZW , VW , and¹VW , respectively. These results, when com
bined with the SALS data and optical microscopy, show t
the anisotropy atġ<370 s21 corresponds to the existence
5-3
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elongated micron size domains alongVW , which are com-
posed of lamellar phase.

IV. DISCUSSION

Because of the interfacial tension betweenLa and L3

phases and the strong anisotropy observed in the (VW ,ZW ) and
(¹VW ,ZW ) planes, the lamellar domains must be ribbonlik
Two different ribbonlike structures are consistent with o
experimental data as discussed below.

(1) Multilamellar ribbonlike structures aligned in the flow
direction and immersed in the L3 phase. Recall that the
strong anisotropy observed in the (¹VW ,ZW ) plane shows tha
these elongated multilamellar objects cannot be cylind
since the section of cylinders is isotropic in this plane, b
instead ribbons. In a concentrated suspension like
samples studied here, scattering methods essentially pro
the persistence length of these ribbonlike objects rather
their contour length or aspect ratio. In this study, SAX
probed only typicalq-ranges corresponding to interlamell
distances. However, the intensity distribution of the SA
pattern reported in Fig. 1~inset b! can be accurately fitted
along theZ direction to a Lorentzian line shape. The width
the intensity profile is consistent with a ribbon persisten
length of 10–15mm. The ribbon dimensions can also b
indirectly estimated from the texture observed under an
tical microscope upon the cessation of flow, since the la
lamellar droplets observed at rest@see Fig. 2~a!# result di-
rectly from the breakup of the ribbons via the Rayleigh
stability. The size of the droplets~typically 20 mm! is inter-
mediate between the length and the width of the ribbo
Very recently, Zipfelet al. @28# have reported the existenc
of elongated transient cylindrical multilamellar structur
upon shearing a lamellar phase. However, these struct
@28# differ from our findings, since that study pertains to t
one-phase region and those transient structures breaku
form monodisperse multilamellar vesicles with continu
shearing. In contrast to the small-angle neutron scatte
~SANS! isotropic scattering patterns~for cylinders! observed
by Zipfel et al. @28#, in our case the scattering patterns at lo
shear rates in the tangential beam configuration exhib
et
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strong anisotropy@29# characteristic of the existence of rib
bonlike structures.

(2) Interlaced stacking of La and L3 domains (shear
bands) alongZ direction. This is similar to theB2 shear
bands described by Olmsted@21#. Assuming their existence
SALS data show that these elongated domains alongVW must
be ribbonlike since their dimension alongZW should be typi-
cally 1 mm ~the cell gap! @30#. Furthermore SALS shows
that their geometry~horizontal in the Couette cell! remains
identical whether the imposed variable is the stress or sh
rate. This intriguing result drastically differs from she
banding @20–27# in complex fluids. When shear bandin
~i.e., coexistence between two steady states! is observed at a
fixed shear rate, the transition between the two previ
steady states becomes discontinuous if the stress is imp
@20–27#. In this situation one observes a hysteresis loop a
a structural bistability: the shear bands are no longer pres
Therefore the physics involved in our case is very differe
from that of shear banding. Indeed, if the domain stack
really exists, then it has not resulted from a shear indu
coexistence between two different steady states~like in shear
bands!, but instead from a thermodynamic coexistence
tween two phases having different viscosities~La and L3
phases in this case!.

In summary, we have shown that in aLa /L3 phase-
separated mixture at low shear rates, there exists a
steady state made ofmultilamellar ribbonlike structures. At
high shear rates, these ribbons become unstable and frag
into monodisperse lamellar droplets. The existence of
bonlike structures in theLa /L3 phase-separating mixture i
very intriguing, since no similar structures have ever be
reported in phase-separating binary fluids to the best of
knowledge.
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