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Shear-induced structural transitions in Newtonian non-Newtonian two-phase flow
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We show the existence under shear flow of steady states in a two-phase region of a brine-surfactant system
in which lyotropic dilute lamellafnon-Newtoniain and spongéNewtonian phases are coexisting. At high
shear rates and low sponge phase-volume fractions, we report on the existence of a dynamic transition corre-
sponding to the formation of a colloidal crystal of multilamellar vesidles “onions”) immersed in the
sponge matrix. As the sponge phase-volume fraction increases, this transition exhibits a hysteresis loop leading
to a structural bistability of the two-phase flow. Contrary to single phase lamellar systems where it is always
100%, the onion volume fraction can be monitored continuously from 0 to 100 %.

PACS numbg(s): 82.20.Db, 61.25.Hq, 64.70.Md

Over the last decade, the effect of shear flow on the ki-ogy and organization of the domains in the two-phase region
netics of phase separation has received a lot of attentiorf the system? Is it possible to extend the concept of shear
After a quench in the two-phase region of the phase diagrangiagram and out of equilibrium transitiof$0,11,15,16,1f
the mixture exhibits domains with complex morphology con-to describe the effect of flow on such two-phase mixtures?
trolled by the viscosity difference of the two phases, the To answer these questions, we have studied the two-phase
relative volume fraction, and external fielfls2]. The com-  region of a quaternary mixture made of water, sodium dode-
petition between thermodynamics which favors the coarserey! sulfate (SDS, octanol, and sodium chloride. This two-
ing of domains and shear flow which tends to deform andphase region consists of a lyotropic lamellar,} phase and
rupture these domains, is a challenging problem in the physan isotropic spongel(;) phase. Both phases are constructed
ics of nonequilibrium phenomena and presents some obvioudy the same bilayers and can be distinguished only by way of
industrial interest$3—5]. Indeed the use of stirring to emul- the packing of the bilayers into space. The lamellar phase
sify immiscible fluids is necessary in the processing of softoresents a periodical stacking of bilayers in one dimension
materials. The influence of shear has been extensively stuavhile the sponge phase has an internal structure of randomly
ied both theoretically and experimentally for critical and off- interconnected membranes. The rheological behavior of each
critical binary mixtureq6—9]. Far from the critical compo- phase differs, however, considerably, phases are usually
sition Min and Goldburd4,6] have observed monodisperse Newtonian at low and high shear rates, and exhibit for inter-
droplets when the break-up size is larger than the criticamediate shear rates, a shear thinning behavior related to the
droplet size. On the other hand, when the two phases aif@rmation of monodisperse multilamellar vesiculgse so-
both percolated close to the critical composition, strikinglycalled onion phagg15]. This texture organization of the,
elongated domain structure phase stabilized by the she@hase lead to strong viscoelastic properts. On the other
flow (string phasghave been observed by Hashimeatioal. hand L3 phases are usually Newtonian low viscous fluids
[5,8] in mildly entangled polymer solution at high shear [19].
rates. These pioneering studies have been limited to rather The phase diagram of the quaternary system has already
simple molecular or polymeric fluids in which no molecular been published elsewhdi20]. A sample whose weight com-
self assembly exits as in complex fluids. Contrary to suctposition is 85.6% of wateflow conductivity from Millipore)
“simple” fluids, complex fluids exhibit some extraordinary containing 20 g/l of NaCkfrom Prolabg, 7.9% of octanol
strong couplings between microstructure and flow due to théfrom Aldrich), and 6.5% of SDSfrom Prolabg, has been
existence of large characteristic length and therefore timstudied as a function of shear rate and temperature. Below
scales. Different types of structural changes induced by she&0 °C, the solution is a monophasic lamellar phase and leads
have been reported in self-assembled surfactant systents the formation of shear-induced onions exhibiting a long-
[10-14. The formation of new structures not existing at range orde17], similar to the shear ordering observed in
equilibrium have even been obserdd)]. colloids. Above 39 °C, the solution is a sponge phase. In the

Questions can therefore be addressed. What can be ti3® to 39 °C temperature range, andL; phases are coex-
behavior under shear of a two-phase system in which one déting. Figure 1 shows the volume fraction of thg phase in
the coexisting phases at equilibrium is known to show ahe mixture as a function of temperature.
strong structural change under shéar instance, formation To observe the effect of shear on thg— L3 two-phase
of onions in the lamellar phadd5])? How can the shear- mixture, we have used a homemade transparent Couette cell.
induced structural change in this phase affect the morpholThe rotor radius iRk, =26 mm and the gap is=1 mm. The

temperature of the cell is stabilized to within0.05 °C by
using a precision water bath. A motor fixes the shear yate
* Author to whom correspondence should be addressed. Email adn the range 0 to 5007s. A laser beam passes through the
dress: galder@cribx1.u-bordeaux.fr cell and the small angle scattering pattern at infinity is re-
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0 FIG. 2. Stationary texture observed under a microscope with

crossed polarizers at high temperature at 150 & (a)—(c) the
temperature is respectively 35.5, 36.5, and 37.5 °C. By increasing
Temperature (°C) the temperature, one dilutes the lamellar droplets.
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FIG. 1. Variation of the lamellar volume fraction in the biphasic

: : where droplets are formed. The shear ruptures then droplets
mixture as a function of temperature.

which have grown to a sufficient siZz@ which can be esti-
mated by balancing surface droplet free energy and dissipa-
corded by a video camera and digitalized for analysis. Tdion [6,8]. This yields to R~ag/#ny where ¢ and %
measure the conductivity under shear flow in the velocity=10 2Pas are respectively the surface tension and the vis-
direction, two electrodes diametrically opposed have beenrosity of the continuous mediurfi.e. the L; phase. The
mounted on the stat¢21]. The conductivity is measured by experimental determination &=10um aty=150s* lead

a 4191A Hewlett Packard impedancemeter. No frequencyo a value ofo~10°Jm 2 consistent with estimation of the
dependence has been observed in the range 100 Hz to literature[12].

MHz with or without flow. Direct microscopic observations  Low-temperature region (¥32.5 °C).Figure 3 shows the
between crossed polarizers have been performed with a conevolution of the conductivity as a function of applied shear
plate geometry on a rheovisionometer RVM 5 from Rheo-rate, in the stationary regime. A sudden transition oc-
control [22].

The system is poured into the cell and left to reach equi- 50 — T
librium for a few tens of mn at an initial temperature for
which the solution is monophasic, i.eT<30°C or T [ T=35.3 °C
>39°C. A rapid temperature quench is then performed un- 4 -
der a steady shear flow in order to bring the solution to a T e S A H--o-8--
final temperature corresponding to its two-phades—L3)
coexisting region30—39 °Q. For low shear rate@ypically
below 1 s?), the solution phase separates macroscopically,
whereas for higher shear rates, no apparent demixtion occur:
Instead, thd. ,— L3 mixture tends to a homogeneous steady |
state, similar to an emulsion. This steady state depending ol
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the final temperature and shear rate is independent both ¢ g I VA Q o 00
the temperature and the shear histories of the system prc$ » b9+ 20 8-8-00----
vided it has not demixted during the quench procéss, i % )
provided the shear rate has been always greater than a critici 3T v
value. We have studied by means of conductivity, small r ' T=32.4 °C
angle light scattering, and microscopic observations, the Py 0000 -8 ------

structure of these steady states as a function of shear rate ar 35 e
temperature. This study allows us to distinguish three tem- 10 100 1000
perature regions for which the rheological behavior of the Shear Rate (s™)

mixture differs.

High-temperature region (¥35 °C). In this region corre- FIG. 3. Evolution with shear rate of the zero frequency conduc-
sponding to high sponge phase volume content, direct obsefiyity measured after the quench in the lamellar/sponge coexisting
vations under shear flow reveal the existence of dilute quashixture at different final temperatures. For each shear rate, the con-
monodisperse droplets bf, phaseFig. 2). The radius of the  ductivity measurement is performed once the steady state is
lamellar droplets decreases wihfrom typically 50umto 5  achieved. Closed, open circles and squares correspond, respec-
pm. Initially the system is driven in its two-phase statetively, to 32.4, 33.2, and 35.3°C.
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scattering pattern presents a stretched streak in the vortex
direction(Fig. 5). From a numerical analysis of the streak we
can infer an elongation ratio close to 3. Microscopic images
of this region show the existence of large birefringent do-
mains elongated in the velocity direction and flowing in the
L; phase. These domains present a few very large multila-
mellar vesicleg35 um) [Fig. 4(b)].

Intermediate-temperature region (323 <35°C). The
previous shear-induced transition still exists, but now light
scattering and conductivity measurements reveal the exis-
FIG. 4. Stationary textures observed under microscope wit{€nce of a hysteresis lodfig. 3). The structure of the mix-

crossed polarizers at low temperatufe=(32.5 °C) for high shear tUré at low and high shear rates is identical to the one ob-
rate (y=200s ) (a) and low shear ratey=30s"1) (b). served in the low-temperature region. However, for

intermediate shear rates, the mixture is structurally bistable.

) ) » The width of this bistability region increases with tempera-
curs at a well defined shear rajg. This transition corre-  tre yntil 35 °C, above which no such transition is observed.
the mixture. Wheny=y., microscopic observations reveal system can be summarized by using a shear diagram repre-
that the texture consists of a close quasicompact assembly genting the different steady states as a function of tempera-
monodisperse multilamellar vesicles immersed in the  tyre and shear rat&ig. 5. In simple phase-separating New-
phase[Fig. 4a)]. The size of the vesicles, 1am, does not tonjan liquids, the interplay between viscosity, surface
depend ory. For temperatures lower than 31 °C, small angletension, and flow results in monodisperse spherical droplets
light scattering shows the existence of sixfold Bragg peaksyhose size is shear dependent. This behavior is observed in
characteristic of a long-range ordered monocry&&d. 5.  our system at high temperaturé®gion Il). On the other
However, as the volume fraction &f phase increases, the hand, at low temperatures the response of our system differs
solution becomes more turbid and it is difficult to ObserVEdrastica”y. We observe |arge e|0ngated drop|etsl Above a
any Bragg structure because of strong enhancement of mudritical shear ratey, these droplets break to form a colloidal
tiple light scattering. However a FFT analysis of the micro-crystal of small monodisperse droplets whose size is almost
scopic texture shows a ring indicating the polycrystallinejndependent of shear rate. This extraordinary behavior is
structure of the sample. Wheye y., the small angle light |ikely related to the fact that this lamellar phase alone is able
to form a crystalline structure at high shear rates as shown by
Rouxet al.[17]. A structural change of the, phase affects
| the viscosity and viscoelasticity difference between the two
‘ coexisting phases. THe, phase is Newtonian at low shear
! rates and non-Newtonian for higher shear rates, above a few
| st [15]. In the high-temperature region of the shear diagram,
| most of the deformation is localized in the sponge phase
! domains because the viscosity of thg phase is lower than
| ] that of theL , phase and its volume fraction is much higher.
|
|
|
|
|
|
|

1000 [~

=
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L3 | The deformation supported by the lamellar domains is so low
] that this phase presents a Newtonian behavior. Therefore the
two phase mixture results in this region to monodisperse
droplets, similarly to phase separating Newtonian liquids.
] However, when the volume fraction of tHe, phase be-
_______________ | ] comes more important, i.e., at low temperature in the shear
1 diagram, the shear rate supported by the lamellar domains
increases and drives this phase to its non-Newtonian regime.
The lamellar phase undergoes then a structural change under
T ‘ e shear leading to the formation of a crystal of onions. How-
ever, in contrast to the findings by Rowt al. [17] in a
single phase lamellar system, the onion size in our case is
shear-independent probably due to the presence of the
ponge phase. In addition and contrary to single-phase lamel-
r system where the onion volume fraction is always 100%,
he onion volume fraction can be continuously changed from

Shear Rate (s'l)

(=
)
T

28 30 32 34 36 38 40
Temperature (°C)

FIG. 5. Shear diagram of the mixture in the temperature an
shear rate plane. Regions |, II, and Il correspond respectively to th
three types of stationary structure observed in the mixture: lon

range ordered assembly of multilamellar vesicullesv tempera- tO_ 10(_)% by simply vary_ing the lamellar phase volume
ture, high shear ratelarge multilamellar vesicules elongated along fraction in the two-phase mixture. o
the flow direction(low temperature, low shear rateand dilute For a two-phase system in which one of the coexisting

spherulitesthigh temperaturgs Note the existence of a bistability Phases exhibits strong structural changes under ¢amafor
region between structure | and Il for intermediate temperatures. Théhe L, phasg, the domains organization of the two phases
images inserted in each region represent the corresponding smaitrongly depends on the shear-induced structural changes in
angle light scattering pattern observed in the plagg, @,). this phase as shown in our study by the transition between
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the disordered droplets and the colloidal crystal. Finally as We thank J.P. Delville, F. Nallet, and D. Roux for many
for single phase flow, the shear-induced structural changefsuitful discussions and T. Douar and M. Winckert for tech-
occur through dynamic transitions and may lead to a strucnical assistance. This work was supported by graRt€S

tural bistability of the two-phase system. No. 610 and Region Aquitaine(CTP No. 980209202
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