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Rheology, birefringence, and small-angle neutron scattering in a charged micellar system:
Evidence of a shear-induced phase transition
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We report here the experimental results on the first-order isotropic to nematic phase transition induced by
shear in a concentrated micellar solution of cetyltrimethylammanium bromide~CTAB! without salt. We use
and compare the results obtained under shear on the same solution with the help of four different techniques:
rheology~stress and shear rate controlled!, flow birefringence~FB!, and small-angle neutron scattering under
shear~SANSUS!. The system without salt studied here is a model system. The rheological data show that the
shear stresss, as a function of the shear rate, allows one to distinguish three domains: a Newtonian regime~I!
for ġ,ġ1c , where the viscosity remains constant and equal toh0 ~zero shear viscosity!; a plateau of the shear
stress, noted II forġ1c,ġ,ġ2c ; and a third domain~III ! corresponding to the turnup of the shear stress for
ġ.ġ2c . For the shear rate belonging to domain II, FB shows two different concentric layers of liquid
presenting different anisotropic properties. SANSUS measurements in domains II and III indicate that the
structure factor of the strongly oriented phase is identical to that of a nematic phase. This complete study of the
salt-free CTAB system allows one to describe the phase transition induced by shear and to show that there is
good agreement with the results obtained with the four techniques.@S1063-651X~97!06707-X#

PACS number~s!: 05.70.Fh
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I. INTRODUCTION

Surfactant solutions are aqueous solutions of molec
having hydrophobic and hydrophilic parts and are known
exhibit fascinating properties. These surfactant molecule
solutions are known to self-assemble above the critical
cellar concentration to form micelles. The size and flexibil
of rodlike and wormlike micelles are mainly imposed b
surfactant volume fraction, salt concentration, and temp
ture. The properties of the wormlike micellar solutions ha
been found to be parallel to those of flexible polymers up
a certain point@1–4#. However, these micellar systems a
found to be different from classical polymer solutions: t
micellar chains are equilibrium objects and they can reve
ibly break and recombine.

The dynamic behavior of complex fluids such as surf
tant solutions in the nonlinear regime has been the subje
intensive research in recent years. The rheological resp
results for sufficiently large values of the shear rateġ from
nonequilibrium systems. From a mechanical point of vie
the nonlinear response of a material is governed by its c
stitutive equation. For steady shear, a constitutive sch
was proposed by Cates@5# for entangled wormlike micellar
systems that exhibit Maxwellian behavior. This equation w
solved by Spenley, Cates, and McLeish@6#. The fundamental

*Address for correspondence: Universite´ de Metz, Institut de Phy-
sique, LPLI, Groupe Rhe´ophysique des Colloı¨des, 1 Boulevard
Arago, 57078 Metz Cedex 3, France. FAX: 03-87-31-58-01. El
tronic address: Cressely@lpli.univ-metz.fr
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result is that in steady shear, the shear stress saturates
constant value giving rise to a stress plateau. On the o
hand, it is shown that the morphology of micelles and ev
their respective phases that are formed in surfactant solut
can be modified by shear@7#.

The rheology of the unscreened micellar systems~poly-
electrolytes! is not well understood. In the absence of sa
the electrostatic interactions modify significantly the rhe
logical properties@8–10#. The variation of the viscosity of
semidilute micellar solutions with surfactant volume fracti
was found to be larger than that of the neutral system@11#.
This was interpreted as being due to an abrupt increas
micellar size resulting from electrostatic interactions. T
theory of the growth of the micelles in systems without s
described by Mackintosh, Safran, and Pincus@12# concerns
volume fractionf!1. In our experimental study,f is not far
from the value giving a liquid-crystalline phase and pretra
sitional effects cannot be neglected. The system studie
this work shows all the rheological characteristics of conc
trated systems. Electrostatic interactions between cetyltr
ethylammanium bromide~CTAB! molecules add to the steri
cal constraints and this has an important influence on
length of the micelles.

Most of the experimental and theoretical works on wor
like micelles were performed on screened micelles. T
wormlike screened micelles are well characterized@11,13–
17#. It has been shown recently that the shearing of an
tropic ~I! solution of wormlike micelles can induce a firs
order phase transition towards a nematic~N! phase@18#.
Early experimental evidence of the shear-induced I-N tran
tion was due to neutron scattering under shear for soluti
of CPClO3-NaClO3 @19# and of CPCl-hexanol-brine@18#. A
-
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1870 56E. CAPPELAEREet al.
nematic phase induced by shear has been confirmed u
now by the following experimental observations:~i! near the
nematic phase, strong orientational correlations are
denced,~ii ! the critical shear rateġ1c and the ratiosc /G0
values decrease and tend to zero as one approaches the
boundary~G0 is the elastic modulus!, and ~iii ! beyond the
transition shear rateġ1c , crescentlike scattering patterns o
tained by small-angle neutron scattering~SANS!, character-
istic of orientational nematic order, show up in the directi
perpendicular to the flow.

In a previous work@8#, we have studied the CTAB-H2O
system in the concentrated region. We found a plateau
haviours5sc of the shear stress and two different layers
liquid presenting different anisotropic properties in flow b
refringence experiments. In this study, the highly birefr
gent layer was assumed to be a nematic phase. Here
extend our preceding experimental study on the CTAB s
tem using two more techniques: the shear rate contro
rheology to test the robustness of the shear stress platea
the small-angle neutron scattering to study the order par
eter of the induced phase. A quantitative analysis of the
sults of SANS and flow birefringence~FB! leads to the de-
termination of the proportion of the isotropic and nema
phase over the entire domain of shearing, i.e., from 0.1
6000 s21.

II. EXPERIMENT

A. Products

Our study was carried out on aqueous salt-free soluti
of CTAB. The CTAB ~surfactant! product is commercially
available~Janssen Chimica and Aldrich-Chemie!. Here we
focus on a unique solution CTAB-D2O atf518%. The use
of deuterated water was dictated by the SANS experime
in order to increase the scattering contrast between ag
gates and surrounding solvent.

B. Phase diagram

The phase diagram of CTAB-D2O solutions is displayed
in Fig. 1. It was derived using birefringence measureme
It strongly resembles the~T, f! phase diagram o
CTAB-H2O that we have recently reported@8#. For a given
temperature, in Fig. 1 this phase diagram exhibits
isotropic-nematic phases sequence with increasingf. We
can note also the existence of a biphasic region, which
absent from the CTAB-H2O situation. All the following ex-
periments were performed at the same concentrationf
518% ~and usually atT532 °C for the comparison of the
results obtained by the three techniques!. Under these condi-
tions, this sample is isotropic at rest and is considered
representative of the evolution of the phenomenon repo
in this work.

C. Rheology

The linear and nonlinear viscoelastic properties of
CTAB solutions were obtained, on the one hand, on a C
rimed CSI 100 working in theconstant shear stress mod
and using a cone plane device~4 cm, 0.5°!, which leads to a
wide range of shear rate~the shear rate could be varied fro
1 to 6000 s21 approximately!. On the other hand, a Rheome
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rics Fluid Spectrometer~RFS II! working in the constant
shear rate modeand Couette configuration~a gap of 1 mm
and a mean radius of 16.5 mm! was used. With the late
system, steady shear measurements were checked to be
stationary state of shearing up to 1750 s21. For the controlled
stress rheometry, the magnitude of the complex visco
h* (v), the storage modulusG8(v), and the loss moduls
G9(v) were measured in an angular frequency range
tween v51 and 250 rad s21 at 32 °C. For the controlled
strain rheometry, dynamical measurements were carried
for angular frequencyv50.5– 50 rad s21 at the same tem-
perature (32 °C!.

The fresh surfactant solutions as well as the solutions
were submitted to shearing stress or shearing strain durin
experiment were completely transparent and free from fo
and air bubbles. For each experiment we used a new sam

D. Flow birefringence

The solution is studied in a conventional Couette cell w
co-axial cylinders. The inner cylinder is the rotating one. T
cell is built mainly from stainless steel, with a few parts
glass and Teflon; its dimensions are a height of 3 cm
radii of 4.7 and 5 cm for the inner and outer cylinders,
spectively. The cell is placed between crossed polariz
Under shear, two quantities of interest have to be de
mined: the angle of extinctionx, which defines the orienta
tion of the medium, and the retardationw ~or the birefrin-
genceDn! induced by the flow.x is the acute angle formed
by the streamline and a neutral line of the medium and
readily measured by rotating the polarizer-analyzer p
which remains crossed, until the extinction is realized aga
in that case the direction of polarization will be the same
the direction of a neutral line of the flowing medium.
quarter wave plate is added to measure the retardatiow
according to the method of Senarmont. The birefringen

FIG. 1. Static phase diagram of the CTAB-D2O system shown
in terms of temperature versus surfactant concentrationf. With
increasingf, three regions are identified: isotropic, biphasic~iso-
tropic and birefringent!, and birefringent. For the latter, close to th
phase boundary~open circles!, the birefringent solution is nematic
as evidenced by their rheological and structural properties.
higher concentration, translational order also occurs~hexagonal!.
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56 1871RHEOLOGY, BIREFRINGENCE, AND SMALL-ANGLE . . .
intensity Dn is readily evaluated from the relationDn
5wl/2pe, wheree is the thickness of the sample and
equal to the height of the Couette cell~wavelength l
56328 Å!. x andDn are measured as a function of the she
rate at 32 °C. We have only added a source of white ligh
illuminate the entire gap when we photograph the flow@20#.

E. Small-angle neutron scattering under shear

The small-angle neutron scattering measurements w
carried out on the instrument D11 at the high flux reactor
the Institut Laue-Langevin~Grenoble!. A 1-mm-gap Couette
cell designed for SANS experiments@21# was utilized as
shearing device in the range 0.1– 2000 s21. The incoming
neutron beam encounters the sample in a direction norm
the axis of rotation of the Couette cell, crossing twice t
sheared solutions. The incident wave vector is thus para
to the velocity gradient and perpendicular with respect to
flow velocity and vorticity. For isotropic and liquid
crystalline solutions studied in this work, the Couette-
detector distance was chosen to be 2.5 m and the neu
wavelength 6 Å. This corresponds to momentum trans
varying from 1.631022 to 1.331021 Å 21. Data are col-
lected on a two-dimensional~2D! detector~64364 elements
of 131 cm2! and displayed alternatively as 2D isointens
contours or 3D plots. A typical measuring time for one sp
trum was 3 min.

III. RESULTS

A. Linear rheology

A detailed account of the linear rheology of salt-fr
CTAB-H2O rodlike micelles has already been provided in
earlier report@8#. Figure 2 represents the dependence
G8, G9, andh* with the pulsationv for CTAB-D2O at f
518%. The measurements were obtained from stress
trolled ~open symbols! and strain controlled~closed symbols!
rheometry. The agreement between both measurement
evidenced in Fig. 2, attests to the reliability of the rheomet

FIG. 2. Variation of the storage modulusG8(v), the loss modu-
lus G9(v), and the dynamical viscosityh* (v) as a function of the
angular frequencyv for the CTAB-D2O solution at surfactant con
centrationf518% (T532 °C). Closed and open symbols ha
been obtained using strain and stress controlled rheometers, re
tively.
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used in this study. Both experimental systems provide
static viscosityh056.760.3 Pa s. Note that the real an
imaginary parts of the complex modulus cross atv
'25 rad/s and G85G9'65 Pa. Above this crossove
G8(v) continues to increase, indicating shorter relaxat
times. The behavior is not of a Maxwellian type, but there
instead a disperse spectrum of relaxation time, as one w
expect for a polydisperse system of unbreakable chains.
observe a striking analogy with entangled polymer solutio

B. Nonlinear rheology

In Fig. 3 we display the shear stress as a function of
shear rate for the CTAB-D2O atf518%, as measured from
stress controlled rheometry. Data have been obtained in
stationary limit of flow at three different temperature
T532 °C, 33 °C, and 34 °C. From Fig. 3 three domains
evolution of the flow curves can be distinguished. The fi
corresponds to the Newtonian regime, where the stress va
linearly with the shear rate. As the shear stress is increa
the shear rate jumps from the lower to the higher branch
the flow curve. Clearly, in Fig. 3 no data points are obtain
in the plateau region from controlled stress measureme
The plateau values5sc begins forġ5ġ1c and finishes for
ġ5ġ2c . We can see in the figure that the plateau valuesc is
strongly dependent on and increases with the tempera
For ġ.ġ2c we can observe here another increase of
shear stress. In the third domain, all the flow curves are p
tically superimposed. With the rheometer working in t
constant shear stress mode, we can see in Fig. 4 that with
equilibrium measurements there is no experimental point
tweenġ1c andġ2c giving the sames5sc . With the rheom-
eter in the constant shear rate mode, there are experim
points betweenġ1c and ġ2c . It is a fundamental difference
between the two rheological modes of investigation. In Fig
we show the nonlinear viscoelastic response received f

ec-

FIG. 3. Shear stress variation of the shear rate as measure
the CTAB-D2O solution atf518% using stress controlled rheom
etry ~T532 °C, 33 °C, and 34 °C!. The flow curves exhibit a true
discontinuity at a characteristic shear rateġ1c . In the intermediate
range, no data points can be collected with the controlled st
rheometry. At rates aboutġ'440 s21, the stress increases again.
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1872 56E. CAPPELAEREet al.
strain controlled rheometry (T532 °C). As mentioned
above, in a log-log representation, we find again three
tinctive ranges in strain rates. Belowġ1c'6.5 s21, the New-
tonian regime is again in agreement with a static visco
h056.7 Pa s. Beyond this characteristic rate, the stress
els off and remains constant at 32 Pa. It is of the utm
importance to recall that each data point in the plateau reg
has been obtained in the stationary limit. Actually, in t
plateau region,s(t) transient relaxations are present a
these relaxations can last up to several minutes@8#. Around
ġ'400 s21, the shear stress increases again~regime III!.
Also included in Fig. 4 are the data from stress control
rheometry. The agreement is again excellent. Both
proaches evidence the three shear regions I, II, and III,
in addition, the shear rates associated with the onsets o
plateau and of the upturn coincide quite well. In order
emphasize this agreement, we have plotted in the inse
lin-log scales, the same data. This inset indicates that
stress plateau in a concentrated wormlike micellar solutio
robust and independent of the working mode~stress or strain
controlled!.

C. Flow birefringence experiments

1. Qualitative observation of the flow birefringence

The results of our visual observations of the entire gap
represented by a set of five photographs taken at a temp
ture of 32 °C~Fig. 5!. We can distinctly see two differen
concentric layers of liquid presenting different anisotrop
properties. A bright thin line taking the shape of the inn
cylinder appears in the gap whenġ reaches a value (ġ
'6.5 s21) called ġ1c @Fig. 5~a!#. The two different bands
correspond to the phenomenon of a shear banding struc
appearing when the shear rate becomes greater than a c
value. In these situations we obtain a flowing separated
phasic structure: the bright zone corresponds to a stro
oriented phase and the dark zone corresponds to the isot

FIG. 4. Comparison between thes(ġ) values in a log-log rep-
resentation obtained with a controlled shear rate~open symbols!
and a controlled shear stress~closed symbols! rheometer for the
CTAB-D2O without salt system atT532 °C. Shown in the inset is
the variation of the shear stress versus shear rate in a semilog
mic representation.
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phase. The isotropic phase is used here in opposition to
liquid crystal for the bright zone. As we shall see by quan
tative flow birefringence measurements in domains I and
we can measure the evolution of its birefringence withġ; so,
strictly speaking, this zone is also anisotropic. Measureme
of the birefringence with our flowing device is not possib
in the bright zone. We can note on Figs. 5~b!–5~d! that the
width of the bright zone increases withġ to become a bright
wide band@Fig. 5~e!# extending practically over the annula
gap forġ'400 s21 ~shear rate belonging to the beginning
domain III for the temperatureT532 °C!.

2. Measurements ofx and Dn

Quantitative measurements are presented in Fig. 6. T
figure show the curves of the birefringence intensityDn and
extinction anglex as functions of the shear rate for the 18
solution in deuterated solvent. A sharp crossover is found
the x(ġ) curves and corresponds roughly to the emerge
of the bright zone mentioned before; the value of the sh
rate that corresponds to this break is therefore the crit
shear rateġ1c introduced in the flow curves~see Fig. 4!. As
we can see in the same figure, theDn(ġ) curve shows a
linear increase ofDn with small shear rates up to a critica
value ofġ where also a break appears. The slope of the cu
Dn(ġ) should gradually decrease towards zero andDn
should reach a smoothly saturation value, which indica
that despite the increase ofġ, the degree of orientation doe
not increase anymore. We can finally notice that the criti
shear rates forx(ġ) andDn(ġ) ~corresponding to a break in
the curves! are approximately the same.

D. Small-angle neutron scattering under shear flow

Figures 7 and 8 display the three-dimensional plots of
neutron intensities as received on the detector~raw data! for
the f518% CTAB-D2O solution. Four representative va
ues of the shear rates have been selected: 4, 102, 250
1403 s21, respectively. In order to allow comparisons wi
earlier works@22,23#, we also show in Figs. 8~a!–8~d! the
isointensity contours related to the same four patterns.
arrows on the 3D plots indicate the direction in real space
the flow velocity. In the following, this axis in reciproca
space will be refered to asQv , while the orthogonal direc-
tion will be notedQe ~e defines the vorticity!. The set of
vectors (Qv ,Qe) actually determines the two coordinate ax
in the contour representation used in Fig. 8. We empha
that the full scales are in both directions60.133 Å21.
At rest as well as at low shear rates (,10 s21), the pattern
consists of an isotropic ring, as illustrated in Figs. 9~a! and
10~a!. The structure factor exhibits a huge maximum
Qmax50.074 Å21 as a function of the wave vector. Thi
peak in the structure factor is usually assigned to strong
relations of the center of masses of the surfactant aggreg
Similar results have been obtained by many authors on l
concentration solutions of electrostatically charged partic
@12,22–24# or on concentrated solutions of sterically inte
acting micelles@18#. The inverseQmax value (2p/Qmax) for
the present CTAB system gives;80 Å. As the strain rate is
increased above;10 s21, patterns become anisotropic. Th
anisotropy is characterized by two crescentlike peaks in
Qe direction, indicating some ordering~alignment! process

ith-
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FIG. 5. Photographs of the 1.5-mm gap of a Couette shearing cell containing a CTAB-D2O solution atf518%. The five photographs
correspond to the different domains~I–III ! of the curves flow~see Fig. 4!: ~a! domain I,~b!–~d! domain II, and~e! domain III.
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1874 56E. CAPPELAEREet al.
of the aggregates induced by the shear. The crescentlik
tensities grow progressively withġ, whereas the isotropic
ring vanishes. This is particularly obvious in the qualitati
comparison of the patterns atġ5102 and 250 s21 @Figs. 7~b!
and 7~c!#. At still higher shear rate (1403 s21), the entire
scattered intensity is contained in the anisotropic peaks
cated atQe560.074 Å21.

Finally, the neutron patterns arising from the sheared
tropic micellar solutions atf518% are compared with th
one obtained on a liquid-crystalline CTAB-D2O nematic
sample at a slightly higher concentration and subjected
modest shearing. Shown in Figs. 7~e! and 8~e! are the 3D

FIG. 6. Variation of the birefringence intensityDn and the ex-
tinction anglex vs the shear rate for the CTAB-D2O system atf
518% (T532 °C). The critical shear rates corresponding to
break of thex(ġ) and Dn(ġ) curves are approximately the sam
and correspond toġ1c .
in-

o-

-

a

plot and the map of contours of isointensity for af520%
CTAB-D2O solution, which is nematic at rest, and forġ
521.5 s21. The qualitative resemblance between this str
ture factor and the one obtained at high shear rates for
f518% sample@Fig. 7~d!# is rather impressive. We sha
use this qualitative agreement to argue that this latter s
tion has undergone under shear a first-order phase trans
towards a nematic oriented state~as when we increase th
concentration at rest!.

IV. ANALYSIS AND DISCUSSION

In this paper we have combined four different techniqu
to track the state of stationary shear flow of a salt-free
cellar solution of CTAB: stress and shear rate controlled r
ology, flow birefringence, and small-angle neutron scatter
under shear. Some of these techniques have been use
ready and reported recently for parallel aims, but on differ
surfactant systems, such as CPCl-hexanol-brine@18#,
CPClO3-NaClO3 @19#, CTAB-H2O @8,21#, and CPCl-
salicylate-brine@14,15#, and by different research group
Here a different isotropic salt-free solution of cylindrical a
gregates of surfactant is thoroughly investigated under sh
using the four experimental methods mentioned above. T
approach provides us with the opportunity to show una
biguously that simple shear applied to such concentrated
cellar solution is able to trigger a nonequilibrium phase tra
sition. The initial state is isotropic~at rest and low shea
rates! and the final phase~high shear rates! is nematic, i.e.,
characterized by long-range orientational order~nonzero
nematic order parameter!.

In order to discuss and analyze the major findings of t
work, we start with the shear rheology. As far as the m
chanical response is concerned, a common behavior for
o-

at

ll
FIG. 7. Isometric intensity plots of the
CTAB-D2O system as observed on the tw
dimensional detector.~a!–~d! Plots of measure-
ments made at four different shear rates
32 °C: ~a! domain I (ġ54 s21), ~b! and~c! do-
main II ~ġ5102 and 250 s21, respectively!, and
~d! domain III (ġ51403 s21). ~e! CTAB-D2O
nematic solution atf520% sheared at lowġ
521.5 s21 and at the same temperature. The fu
scale in both theQv and Qe directions is
60.133 Å.
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FIG. 8. Contour plot of the measured scattering intensity of the CTAB-D2O system as observed on the two-dimensional detector.~a!–~d!
Plots of measurements made at four different shear rates at 32 °C.~a! Domain I (ġ54 s21), ~b! and ~c! domain II ~ġ5102 and 250 s21,
respectively!, ~d! domain III (ġ51403 s21). ~e! CTAB-D2O nematic solution atf520% sheared at lowġ521.5 s21 and at the same
temperature. The full scale in both theQv andQe directions is60.133 Å.
tr
er
ne

i-
ary
. As
d in
shear stress versus shear rate is obtained using both s
and strain controlled rheometry. In stress controlled exp
ments, thes(ġ) flow curve exhibits two stable branches, o
at low-velocity gradientsġ,ġ1c , region I, and one at much
higher shear ratesġ.ġ2c , region III. For the CTAB system
ess
i-
at f518% andT532 °C, one hasġ1c56.5 s21 and ġ2c

5420 s21 ~Fig. 3!. It is noteworthy to recall that all mechan
cal data displayed in this work are recorded in the station
state, that is, we have excluded any transient phenomena
the stress is slowly increased, the response is obtaine
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1876 56E. CAPPELAEREet al.
terms of the shear rate, which increases linearily, as expe
from a Newtonian regime. Atġ1c the measured rate jump
suddenly to the much higher strain rateġ2c and a true dis-
continuity occurs. No data points can be taken in the stat
ary limit in the plateau region II. Such a discontinuity
expected for equilibrium phase transitions in which the
tensive parameter, here the shear stresss is monitored~a
liquid-gas transition, for instance!. In the log-log representa
tion of h5 f (ġ) the shear plateau gives rise to a straight l
of slope21. In the third domain (ġ.ġ2c) the viscosity is
roughly 0.05 Pa s. This value is in agreement with the us
viscosity of the nematic phase@25#.

One major finding of the present report is the excell
agreement between thes(ġ) data as received from strain o

FIG. 9. Shear rate dependence of the anisotropy ratio@ I e(ġ)
2I v(ġ)#/I (ġ50) as measured from small-angle neutron scatter
The three regimes already identified in rheometry and flow biref
gence are shown for comparison. In region III, where saturatio
observed, the neutron patterns are identical to those of a nem
phase.

FIG. 10. Variation of the proportion of a nematic pha
Pnem(ġ) as derived from small-angle neutron scattering~closed
symbols! and from flow birefringence experiments~open symbols!.
At low shear rates butġ.ġ1c , Pnem(ġ) first increases linearly and
then saturates on approaching the third regime.
ed

n-

-

al

t

stress controlled rheometry. As the inset in Fig. 4 illustrat
not only does the location of the discontinuity in both me
surements agree, but so does the height of the plateaus
532 Pa). In the strain controlled experiments, the sampl
forced to flow at a macroscopically imposed and avera
velocity gradientġ. Under such conditions, we were able
explore the plateau regime and found out that within
experimental uncertainty, the stress is rigorously const
Figure 4 and the inset demonstrate in a remarkable way
as long as the system is free to reach the stationary sta
flow, the stress plateau is robust and a uniques(ġ) path is
adopted by the system between regions I and III.

The robustness of the stress plateau was recently repo
on another surfactant solution made of cethylpyridiniu
chloride-sodium salicylate in brine@15#. The observation of a
nondegenerated stress plateau in the rheological respon
elongated surfactant micelles~no hysteresis! is again a strong
indication that a phase transition takes place. However,
ometry alone is clearly unsufficient to assign the physics
the phenomenon. According to the model of Cates and
workers@6,26#, a stress saturation similar to that obtained
other solutions@15# is predicted above a characteristics she
rate ġ1c . The main result of this model is that as she
reaches a threshold valueġ1c52.6/tR a mechanical instabil-
ity of shear banding type occurs within the micellar so
tions. This instability is characterized aboveġ1c by a plateau
of the shear stresss at the heightsc50.67G0 .

In this respect, the predictions of Cates and co-work
seem to disagree with the experimental values. In our c
ġ1ctR'0.24 for the CTAB system. The difference probab
comes from the origin of the plateau regime. In our previo
papers@8,20# we noted that the plateau regime could be
terpreted as the coexistence of two concentric different th
modynamical phases present within the shearing cell. Th
two phases were isotropic and nematic. However, the crit
parametersġ1c andsc in the theory of Cates and co-worke
are derived from a criterion of purely mechanical instabil
of shear banding type. In this case, the theory of Cates
co-workers conceptual framework would not be compati
with the present results.

In order to examine the state of shearing at the str
plateau~region II!, flow birefringence and small-angle neu
tron scattering were undertaken on the same CTAB-D2O so-
lution, at f518% andT532 °C. Note that these measur
ments were both performed using Couette cells similar
those of the rheological results and correspond to exp
ments under controlled strain. The photographs obtaine
white light and between crossed polarizers of the 1.5-m
gap~cf. Fig. 5! exhibit that, at the onset of the stress plate
the flow becomes inhomogeneous. Inhomogeneous m
here that above the corresponding critical shear rate the
locity field is nonuniform through the gap. Two phases su
jected to different shear rates and thus having two differ
viscosities~sinces remains constant! coexist. When the in-
tensive parameter is monitored to higher values, the prop
tion of the strongly birefringent phase increases. Similar
sults have been reported already for protonated solution
CTAB close to theI -N phase boundary@8#. However, here
we observe that the third regime depicted by the highġ
branch in the flow curve coincides with a gap that is entir
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occupied by the strongly birefringent phase. The shear
evolution of the bright band is discussed below in refere
to the neutron scattering results.

In the experimental configuration of the D11 instrument
the Institut Laue-Langevin, the neutrons~wavelength l
56 Å! provide information on the orientational distributio
of the micellar threads on a scale of;100 Å. The intensity
received on the detector is the scattering response aver
over a scale that is much larger in real space. It is giv
typically by the section of the incoming neutron beam
(;0.5 cm2). Moreover, due the scattering configuratio
(k i i¹v), this intensity is integrated over the different phas
experienced by optical birefringence and encountered on
beam trajectory. With increasingġ the neutron scattering o
CTAB micelles develops an anisotropy in the direction p
pendicular to the flow velocity~crescentlike peaks!. Keeping
the above remarks in mind, the neutron patterns can be
terpreted in terms of the superposition of two different co
tributions @18#: the isotropic ringlike pattern, at best seen
the Newtonian regime~for ġ,ġ1c!, and the crescentlike
peaks typical of the nematic orientational order in theQe
direction. The maximum in the scattering function atQmax
50.074 Å21 indicates a strong correlation (d;80 Å) be-
tween the centers of masses of the micellar aggregates.
spectrum atġ513 s21 is the first for which an anisotropy i
detected. Up toġ1c , this anisotropy increases@see Figs. 7~b!
and 7~c!# and finally, in region III it dominates entirely th
scattering.

In Fig. 9 we have plotted the anisotropy factor defined
@ I e(ġ)2I v(ġ)#/I (ġ50) at the maximum scattering as
function of the shear rate. Here the maximum intensities
at wave vectorsuQvu and uQeu50.074 Å21. The rate evolu-
tion of the anisotropy factor reveals again the three regi
already emphasized. The anisotropy factor is zero be
ġ1c , increases linearly in the stress plateau region, and
saturates at highġ. In this latter region, the scattering stru
ture factor resembles strongly the one obtained on a nem
phase of the same CTAB-D2O solution atf520% @see Figs.
7~e! and 8~e!#. Therefore, we conclude that the phase sho
ing up at ġ1c in the rheo-optical experiments is a shea
enduced nematic phase. The plateau region correspon
the biphasic domain of the nonequilibrium phase diagr
~under shear!.

Assuming finally that the ringlike pattern that persists
to ġ2c can provide an estimate of the remaining isotro
phase~the dark band in the photographs of Fig. 5!, we cal-
culate the proportionPnem(ġ) of the nematic phase by th
ratio

Pnem~ ġ !512
I v~Qv5Qv

max,ġ !

I v~Qv5Qv
max,ġ50!

. ~1!

The proportion of the nematic phase determined by Eq.~1! is
compared to that derived from the rheo-optical experime
in Fig. 10. For the flow birefringence~FB! data, we simply
measure the normalized width of the bright nematic band
te
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terms of the gap size~1.5 mm!. Pnem(ġ) has similar behav-
ior. The evolution of the proportion of the nematic phase h
been shown with two different independent methods. For
shear rate approachingġ2c , the two methods asymptoticall
give the same results: the shearing solution becomes n
atic. However, marked deviations are observed between
SANS and the FB results. For a smaller shear rate, cle
the rheo-optical measurements overestimate the liq
crystalline proportion with respect to the neutron estim
tions. Two remarks can be made to explain these deviati
First, it has to be kept in mind that Eq.~1! provides only a
rough estimate of one phase with respect to the other. M
careful calculations taking into account the azimuthal dis
bution of neutron counts are needed. Second, a close ins
tion of the photographs taken in flow birefringence reve
that the bright band showing up close to the inner cylind
wall is subdivided into several small layers@among which
some are much less oriented~birefringent!#. The shear-
induced menatic band contains thus ‘‘isotropic’’ layers th
the simple measurement of the bright width ignores syste
atically.

V. CONCLUSION

The experimental results presented in this work show
effect of a shear rate on a concentrated micellar solu
without salt that is isotropic at rest. The system studi
CTAB-D2O, allows a study at high shear rate, without a
parently degradation or expulsion of the sheared sam
This favorable situation allows one to bring to the fore wit
out ambiguity domain III, corresponding to the turnup of t
shear stress at highġ5ġ2c . The four techniques used in thi
work are in good agreement and allow one to understand
evolution of the system towards a complete nematic phas
seen by the SANS under shear experiments and by vi
observation between crossed polarizers in the gap of a C
ette cell. The critical shear ratesġ1c and ġ2c given from the
four techniques, characterizing the beginning and the en
the phase transition, are in good agreement. The flow b
fringence technique allows one to show the location of
induced nematic phase in a concentric zone of shear nea
moving cylinder. The width of the nematic phase increa
with the shear rate up to reach the full gap forġ>ġ2c . The
emergence of the shear plateau corresponds to a real p
transition. The result of it is a band structure formed
different phases~isotropic and nematic!. The constant value
of the shear stresssc when ġ.ġ1c can be explained by the
broadening of the nematic band. For the concentrated s
tion ~f close to the concentration corresponding to the st
phase I -N transition!, the emergence and evolution of
phase transition can easily be understood: the shear rat
well as the usual thermodynamical parameters~temperature,
pressure, etc.!, is able to induced it. The full theoretica
analysis of the involved mechanism for a salt-free system
which the electrostatic interactions play an important par
still to be done.
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