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Shear Banding in a Micellar Solution under Transient Flow
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We report on the results of rheological, optical, and small-angle light-scattering experiments
performed on a solution of cetyltrimethylammonium bromide and sodium salicylate in water. The
solution is subjected to a steplike shear rate and the response of the liquid is studied by recording the
transient shear stress, the flow birefringence, and the scattered light intensity. This micellar system
shows an enormous “overshoot” of the shear stress at the inception of the flow. A phase transition
occurs during this process and the light is strongly scattered by the liquid. When the stationary
state is reached, the flow shows the typical two-bands structure already observed in similar systems.
[S0031-9007(98)07920-4]

PACS numbers: 82.70.Dd, 83.85.Cg

Molecules of various surfactants are known to aggregatea point which is already situated in the plateau of the curve
in long reversible micelles in quite a wide range of conceno(y). The FB and SALS experiments are performed in a
trations of the surfactant or of the salt which is eventuallyCouette device and the shear stress measurements with a
added to the solution. They can form entangled or multishear rate controlled rheometer in a cone-plane geometry.
connected networks which give highly viscoelastic properParallel to these quantitative measurements, we are able to
ties to these solutions. Thus we can expect them to reveabserve the flow in the Couette cell directly with a micro-
nonlinear effects when subjected to the action of sheascope. For the FB measurements, the light (a laser beam
stresses. In a previous paper [1], one of us has shown Bt 6328 A) is propagated along theaxis (vorticity axis)
using flow birefringence (FB) that phase transitions couldwhile, in the SALS experiments, the diffusion is observed
be triggered in a Couette cell when the shear fateaches around a direction belonging to ti{&,VV) plane. Fig-
a first critical valuey;.: The liquid in the annular gap ures 1(a) and 1(b) represent the evolution of three different
separates into two bands; the shear stress is the same euantities; the only difference between 1(a) and 1(b) is the
erywhere in the gap, but the shear rate is different in eactime scale. The black squares correspond to the evolution
band and its value is such thiit= ¢;y, + ¢,y,. The of a quantity calleds and proportional to sié /2, where
subscriptd and# refer, respectively, to the low and high § is the retardation induced by the flow. Circularly po-
shear rates. When this phase transition happens, the curlagized light is used for this recording, so that the average
o (y) drawn with the results of a shear controlled rheologi-orientation quantified by the extinction angledoes not
cal experiment shows a characteristic plateau which is theake place in the signal. The second curve (open circle)
locus of the points representing the stationary states a$ simply the intensity of the light transmitted by the solu-
the two phases. Several indirect methods [small-angléon under shear; for this experiment the circular analyzer
light scattering (SALS) [2], small-angle neutron scatteringis removed from the optical bench. Finally, the third curve
[3-5], and NMR [6]] lead to the same results: the emer-(full line) represents the behavior of the shear stresgth
gence and the growth with of a highly orientated liquid the timer. A steplike velocity profile similar to the one
phase near the moving wall of the device in which the flowused in the optical device is applied to the sample placed in
takes place. a cone-plane rheometer. The growth and the relaxation of

In the previous flow birefringence experiments, the sheathe shear stress is recorded as a function of time. The dura-
rate was gradually and slowly increased up to and beyontlon of the optical recordings is approximatively 80 s, and
the first critical valuey;. of the shear rate, and the mea- the evolution ofs is studied over the same time interval.
surements were all made in a stationary state. In this work The behavior ofs is quite a complicated function af
we report on the first results of transient flow birefringence put well reproducible from one experiment to another, and
transient shear stress, and SALS experiments performddur different zones can be qualitatively distinguished on
on a single solution of cetyltrimethylammonium bromide the graph: They shall be referred to as zone 1, 2, 3, and 4
and sodium salicylate in #D at the concentration of 0.1 in the following.
and 0.08 M. This system has been chosen for its highly At the inception of the flow and for a few seconds, the
viscoelastic behavior, and we can expect strong nonlinedunction oscillates very rapidly: The peaks of the function
effects to take place when such a solution is subjected tehow thaté = (2k + 1)&. The retardation reaches 5 or
shear stresses. probably everi7# values which is very high for a liquid

The rheo-optical properties of this solution are studied atinder shear flow. This large increase of the flow birefrin-
a single shear rate gf = 1 s™!; this value corresponds to gence during the start-up of the flow can easily be followed
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FIG. 1. (a) Variation of the transmitted light intensity, InFig. 3we can see that a drastic change in the flow hap-

of s = Asir2(§/2) (M), and of the shear stress (—) as Ppens at that particular time (6 s): Patches of different col-
a function of timer. (b) Variation of the previous three ors appear in the gap; this indicates that the birefringence
quantities on a shorter time scale. The inset COfreSpondS t@istribution is nonhomogeneous in the gap. This chaotic
an enlargement of the shear stress curve. variation of An may result from rapid variations of the lo-
cal stresses. The intensity gradually decreases again with
by direct observation of the flow with a magnifying lens ¢ (see the birefringence photos corresponding e 10 to
or a microscope. A source of white light is now used to15 s). The colors, due to a high retardation, fade slowly;
illuminate the gap, and we observe the solution between the liquid which initially is translucid starts to look opaque
crossed polarizer and analyzer. During the start-up processd white like a milky solution over the entire gap, and
of the flow, the solution appears as made up of various colthe turbidity increases sharply as the liquid goes through
ored bands which are propagated very quickly through tha phase transition. We notice that during the same time
gap, indicating that the retardatiénis very important and interval, the first overshoot happensaitir).
depends both on time and space; this can easily be seen inThe emergence of a bright band, where the particles are
the first few photos of Fig. 3 (see, for example, the photostrongly oriented, can already be detected near the moving
corresponding ta = 0 to 5 s). A schematic description wall attimer = 14 s. Maybe the first zone should be split
of the photos which represents the gap of the cell is giveinto two subzones, but further experiments appear to be
in Fig. 2. necessary in order to fully understand why the absorption
A second striking feature that can be noticed is that theurve presents two minima; we consider that the first zone
amplitude of the peaks diminishes with time. This behav-ends approximatively at 15 s.
ior can be understood by looking at the intensity curve: Small-angle light-scattering experiments allow the illus-
Ast increases, the transmitted intensity starts to decrease @ation of this shear-induced phase separation. At present
about 1 or 2 s and goes through two minima before increadhese results are only qualitative and appear in Fig. 4,
ing again to the plateau value which is finally reached aftewhere the flow direction is indicated by the arrow. The
nearly 30 s. As for the shear strea4;), after a very short first one is taken at = 0 s and, thus, serves as a refer-
period during which it increases smoothly, it shows an in-ence. The only signal which appears on the screen is due
flexion point [7] followed by a huge “overshoot” several to the direct beam: there is no scattering. The second one at
tens of times the value corresponding to the plateau. Th#&4 s after the inception of the shear flow shows a butterfly-
maximum value is found at stresses larger than 1700 Pshaped pattern, in which the two peaks are approximatively
and does not appear on the figure. The liquid cannot beariented at 45from the streamline. These butterfly shapes
such a high stress, in a way it “breaks” via a phase tranhave been previously observed in polymer solutions [8,9]
sition which could be a liquid crystal one. Thendrops and more recently in semidilute micellar systems [10-12].
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t=48s t=54s t=56s t=58s

FIG. 3. Visualization of the flow in the gap of the Couette cell placed between crossed polarizers at different moments during the
process of inception of the flow.

They could result from the coupling between stresses andhen the laser beam propagates through the bright band.
concentration fluctuations. This pattern has been observed in the Couette cell when the

The second zone (2) corresponds to the co-existence dght is propagated in the direction. In that case, it lies
two phases which separate gradually, the liquid becomingn the pIane(V Vv) and is perpendicular to the direction
translucid again near the fixed wall of the cell first, thenof the flow. We do not yet know which “object” could
nearly over the entire gap. During this time interval (15be the cause of this diffraction pattern. However, this ob-
to 36 s), the birefringence photos let us see a thin brigh$ervation could lead us to the assumption that it exists as
band near the moving wall of the cell, whereas the secondlongated structures in the bright band, strongly aligned
overshoot happens in the shear stress. parallel to the flow direction.

Also in this second zone, we have observed the emer- At the same time, the wings of the butterfly pattern
gence of a distinct diffraction pattern (not presented hereaqre well separated and orientated parallel to the flow
formed by a principal peak and several secondary pealdirection, as can be seen in the photos 4(c) and 4(d), taken,

5459



VOLUME 81, NUMBER 24 PHYSICAL REVIEW LETTERS 14 BCeEMBER 1998

Flow direction In order to bring this short article to a conclusion, we
can say that the sudden inception of the flow leads to a
> phase transition which takes place in the entire gap of

the Couette cell. After a short period of time, the phases
separate, and the flow shows the classical two-bands struc-
ture already observed when the shear rate is gradually and
slowly increased to a value belonging to the plateau of the
curveo(y). The birefringence and the shear stress reach
very high values in the first zone. Transient SALS experi-
ments show that a pattern in the shape of a butterfly appears
especially in the second zone where the phases separate;
(a) t=0s (b) t=14s this phenomenon is associated with concentration fluctua-
tions during this phase of the flow. In the third zone, the
direct observation of the highly orientated band near the
moving wall with a microscope shows long black strings
roughly parallel to the direction of the flow; these strings
separate small patches of different colors. This indicates
that the birefringence is not the same at every point of the
band; this might be due to concentration fluctuations which
(c) t=19s (d) t=22s lead to variations of the index of refraction. Further experi-
ments shall soon be performed particularly in birefringence

and shear stress measurements in order to fully understand
the mechanism underlying this phase transition.

We are grateful to J.F. Berret who helped us for the
rheological measurements and to Renauld Gombrowicz
for performing the SALS experiments.

(e) t=38s (f) t=55s
FIG. 4. SALS patterns during the transient experiment of
shear flow.
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