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Structure of a Lyotropic Lamellar Phase under Shear
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The effect of shear on a lyotropic lamellar phase is studied by the means of small-angle lig
scattering and direct microscopic observations. We found a complex behavior that can be described
a shear diagram. This diagram exhibits successively as a function of shear four different steady sta
After a transition to a phase of monodisperse multilamellar vesicles with no long-range order there
a transition to the same vesicles exhibiting long-range order. At even higher shear rates, there i
transition between this ordered population of vesicles of size typically1 mm to another ordered state
made of vesicles which are much bigger (from 10 to50 mm). [S0031-9007(97)02380-6]

PACS numbers: 64.70.Md, 61.30.Eb, 82.20.Db
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Recently, it has been shown that the effect of she
on both lyotropic and thermotropic lamellar phases ca
be described by a shear diagram describing a success
of stationary states of orientations separated by dynam
transitions [1–3]. In the first system studied [2], the she
diagram exhibited three different orientation states. A
very low shear, a partially oriented state with the norm
to the smectic layers mainly parallel to the shear gradie
direction was observed until a transition to a state
monodisperse multilayered vesicles (named spherulite
was observed (around1 s21). At even higher shear
rate (10 1000 s21 depending upon the lyotropic sample
another transition was observed between the state
vesicles to another oriented state with no defect in th
direction of the flow but some defects remaining in th
vortex direction. The connection between the rheologic
properties of the lamellar phase and the shear diagram
been made [4].

More recently while studying a different system, an
other type of transition has been observed. In the mu
tilayered vesicle state, a layering transition has be
observed [5] similar to the shear ordering transition ob
served in colloids [6]. Indeed, in increasing the she
rate, the multilayered vesicle state that does not exhi
any long-range order between the vesicles spontaneou
orders under shear to show a long-range order of layers
vesicles sliding on each other.

We report here a more complex behavior observed
a lyotropic lamellar phase. In addition to the transition
previously described as a function of shear, this syste
exhibits a new transition between two states of order
multilayered vesicles. These two states can be easily d
ferentiated by the vesicle size, and the transition betwe
these two states is observed as a jump from small to b
vesicles when either the shear rate or the temperature
increased. This transition which is in general discontin
ous becomes continuous above a critical temperature. T
shear diagram of this system is established.

The system studied is a quaternary lyotropic lamell
phase which phase diagram has already been publis
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[7]. It is composed of water, sodium dodecyl sulfa
(SDS), octanol, and sodium chloride. One unique sam
has been studied whose composition is, respectively
weight 85.6% of water containing20 gyl of NaCl, 6.5%
of SDS, and 7.9% of octanol. This system is studied
a function of both temperature and shear rate. Note
the behavior described below is very sensitive to the ex
composition and purity of the chemicals used and a sli
translation in the absolute values of the transitions can
observed. To observe the effect of shear on the lame
phase we used a homemade transparent Couette cel
This cell is thermostated (0.1±C of accuracy); we used a
1 mm gap between the two cylinders. A laser beam c
be sent through the cell, and small-angle light scatter
is observed on a screen placed at some distance from
cell. A video camera digitalizes the image obtained
the screen. For direct space observations, a plate/p
cell has been made that will be described elsewhere
When, in the Couette cell, the shear rate is homogene
for Newtonian fluid, in the plate-plate cell the shear ra
varies linearly from the center to the side allowing a
observation at different shear rates.

Let us first describe what is observed in the recipro
space using small-angle light scattering. The experim
tal setup has been previously described [2]; briefly t
laser beam goes through the Couette cell parallel to
gradient shear direction. Figure 1 shows a series of p
terns obtained when the shear rateÙg is increased at a con
stant temperaturesT ­ 24.3 ±Cd. Below Ùg ­ 1 s21, no
characteristic pattern is observed, only some small-an
scattering around the laser beam can be recorded. Ab
Ùg ­ 1 s21 an isotropic ring of scattering [see Fig. 1(a
appears characteristic of the multilayered vesicle st
[1,2]. This ring corresponds to the characteristic size
the close packed vesicles. It changes size with the sh
rate increasing in size, indicating that the vesicle s
decreases with the shear rate [1,2]. The isotropy of
ring is the signature of no long-range order in the p
sitions of the vesicles. Above a well defined shear r
of 10 s21 a modulation in the radial intensity of the rin
© 1997 The American Physical Society
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FIG. 1. Evolution of the small-angle light scattering as a function of the shear rates. 1(a)Ùg ­ 10 s21; the ring is isotropic and
corresponds to an ensemble of monodispersed multilayered vesicles. 1(b)Ùg ­ 80 s21; the ring of scattering is replaced by si
dots. The organization exhibits now a long-range order. 1(c)Ùg ­ 200 s21; the small-angle pattern after the transition of siz
The characteristic size of the vesicles is now much bigger and several orders of scattering can be easily seen. 1(d)Ùg ­ 0 s21;
same as (c) but after a rapid stop of the shear. The long-range order is kept and even more pronounced. 1(e)Ùg ­ 0 s21; same
as (d) but after a few oscillations of small amplitude (made by hand). The long-range order is even better; more than 5 o
diffraction can be seen.
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appears to lead to a well defined six spots pattern abo
Ùg ­ 50 s21 [see Fig. 1(b)]. This is the sign of the so
called layering transition which corresponds to the o
dering of the multilayered vesicles in planes exhibitin
a hexagonal order [5]. This transition does not affect t
vesicle size since the dots appear on the ring. Con
quently, the size of the vesicles before and after the tra
sition is practically the same and is around 3–4 micro
at the transition. After the transition, the size evolve
very slowly with the shear rate, still decreasing whe
the shear rate increases (see Fig. 2). When a shear
of 200 s21 is reached, a new phenomenon is observe
The previous pattern made of the six dots evolves t
ward two rings of scattering: One is at the previous p
sition, and a new ring appears at smaller angles. W
time, the former ring of scattering disappears and a cle
new set of dots is seen at a much smaller angle than
previous one. After some time (typically from 20 min
to a couple of hours), the pattern shown in Fig. 1(c)
observed under shear. This new pattern corresponds
an ordered structure of spherulites as the state previou

FIG. 2. Evolution of the spherulite size as a function of th
shear rate forT ­ 24.3 ±C. The arrows indicate the approxi-
mate position of the transitions: (I) between a partially oriente
state and the sperulite state (II) between the “glassy” (no lon
range order) and the layered state (long-range ordered),
(III) the position of the jump in size.
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described but is constituted of much bigger vesicle
(around 10 mm T ­ 24.3 ±C). Moreover, even under
shear, several orders of diffraction can be observed (u
to 3–4). Contrarily to the previous ordered state, whe
the shear is stopped the pattern remains [see Fig. 1(d)].
can even be improved quite a lot in applying very sma
amplitude oscillations on the cell [see Fig. 1(e)]. We hav
been able to keep this ordered structure after the shear
been stopped for several days.

Figure 2 presents the evolution of the vesicle size a
a function of the shear rate. The first part of the curv
where the size decreases with the shear rate correspo
to a scaling lawR ~ Ùg20.5 as previously observed [1,2].
The positions of the three transitions are shown o
the curve.

The plate/plate cell allowed us to make direct spac
observations. Figure 3 presents the evolution of th
sample through the transition between small and b
vesicles. In this case for practical reasons the transitio
is observed after a temperature jump (21 to 24.3±C). At
21±C only the small population is present whatever th
shear rate is, and at 24.3±C the transition between the
small and the big populations happens at200 s21. The
microscopic observation is done after stopping the she
Before the temperature jump the texture is very thin, ap
pearing nearly as continuously grey. This is characteri
tic of small multilayered vesicles. After the temperature
jump and waiting a few minutes some very big vesicle
nucleate randomly [Fig. 3(a)]. The concentrations of bi
vesicles increases with time, and they start to line up on
below another [Fig. 3(b)]. Then the lines of big vesicle
merge together to fill up the high shear side of the ce
Because in the plate/plate cell the shear rate increas
with the distance from the center, in the stationary sta
the space is divided between the big vesicles (in the hig
shear region) and small vesicles (in the low shear regio
[Fig. 3(c)]. In the big vesicles region if one applies, af
ter stopping the shear rate, very small amplitude osc
lations, one clearly observes a well ordered texture [se
Fig. 3(d)].
1497
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FIG. 3. The jump in size transition seen in the direct space (optical microscopy). The transition is controlled here by a
in temperature (21 to 24.3±C). The shear direction is horizontal. 3(a) After a few minutes some big spherulites appear rand
3(b) they are then collected in lines; 3(c) the small and big populations coexist; 3(d) the big population once stopped a
some small amplitude oscillations.
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The transition between small and big vesicles can
mapped in theÙgyT plane. Figure 4 presents a seri
of light scattering measurements obtained at steady s
and varying temperature. Below 26±C a clear jump in
the size of the vesicles is observed, and the evolution
the scattering pattern as a function of time is presen
in Figs. 5(a)–(d). Figures 5(b) and 5(c) show clearly
population of small particles (large scattering circle) coe
isting with a population of big particles (small-angle sc
tering peaks). However, above 26±C no jump is observed
and the increase of size is continuous. Figures 5(e)–5
show the evolution as a function of time. Clearly the ri
is shrinking continuously, indicating that the onion si
is increasing with time as the long-range order is bu

FIG. 4. The evolution of the spherulite size as a function
the shear rate for different temperatures. Above 26±C the
transition cannot be seen and a continuous evolution of
replaces the jump seen previously.
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One concludes that the transition that was discontinuou
below T ­ 26 ±C becomes continuous above. Figure 6
shows the shear diagram obtained from these measu
ments. The two regions of ordered vesicles (small an
big) are separated by a line corresponding to a disco
tinuous transition. This line ends on a “critical point” at
Ùg ­ 40 s21, T ­ 26 ±C.

It seems difficult with the knowledge we have on
these systems to give a theoretical interpretation of th
complex behavior, even if some hand waving argumen
can be given to explain the lamellar-spherulite [1–2,4
instability and some similarity with colloidal systems
invoked for the layering transition [5]. However, the fact
that well defined transitions can be determined confirm
that the correct way of describing the effect of shear o
complex fluids is to use the shear diagrams methodolog
Moreover, because these systems are out of equilibriu

FIG. 5. Evolution of the scattering pattern after a shear jum
below 26±C [continuous transition, 5(a)-5(d)] and above 26±C
[continuous transition, 5(e)–(h)]. Note that the intermediat
times show two populations in 5(b) and 5(c) corresponding t
the discontinuous transition when it looks continuous in 5(f
and 5(g).
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FIG. 6. The shear diagram of the jump in size transition. Th
full dots are the experimental points, the dashed line is a gu
for the eye, and the circled dot is the location of critical poin
where the discontinuous transition is replaced by a continuo
evolution.

and the transitions between different orientation states
discontinuous or continuous, one should expect a rich
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behavior. In particular, we are looking for nonstationary
states near the bifurcation points.
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and L. Soubiran.
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