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Inhomogeneous shear flows of wormlike micelles: A master dynamic phase diagram
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We report on the nonlinear mechanical response of surfactant wormlike micelles subjected to steady shear
flow. The system placed under scrutiny is made of cetylpyridinium chloride, sodium salicylate, and salted
water at 0.5M NaCl ~abbreviated as CPCl-Sal!. We have investigated solutions in the intermediate concentra-
tion ranges, atf56%, 8% andf512% for temperatures ranging between 20 °C and 50 °C. In theseT andf
ranges, we first confirm that the present system is a true Maxwell fluid. As a consequence, the nonlinear
rheology can be formulated in terms of the normalized quantities,s*5s/G0 and ġ*5ġtR , whereG0 is the
elastic plateau modulus andtR the terminal relaxation time of the Maxwell fluid. Second, we demonstrate that
the flow curves of the CPCl-Sal wormlike micelless* ~ġ* ! are invariant with respect to relative changes in
temperature and concentration. This enables us to define superimposition procedures between flow curves
obtained at different temperatures and concentrations and to derive the so-called ‘‘master dynamic phase
diagram’’ of the CPCl-Sal wormlike micelles. One crucial feature of this master phase diagram is the existence
of a critical behavior atT5Tc . Here, the stresss* levels off progressively up to a plateau that is reduced to
a single flat point of coordinates~s*50.9, ġ*53!. The low-temperature regime (T,Tc) is again identified by
a shear stress plateau beginning by a true discontinuity of slope in thes* ~ġ* ! behavior. At highT ~.Tc!, s*
increases monotonously at all shear rates. In order to examine the state of shearing at the stress plateau, flow
birefringence experiments were undertaken with a rheo-optical device working with polarized light propagat-
ing parallel to the vorticity axis of the Couette. In the plateau regime, the flow is clearly inhomogeneous.
Within the gap of a cell, two phases of very different birefringence are observed in the steady state of shearing,
as well as after cessation of the shearing.@S1063-651X~97!07701-5#

PACS number~s!: 82.70.2y, 83.50.Gd, 47.20.Ft, 47.50.1d
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I. INTRODUCTION

The shear flow properties of solutions of wormlike m
celles have been subjected to an intense debate during
past few years. Wormlike micelles are long flexible agg
gates made of common surfactant molecules, and in solu
in water, they are producing highly viscoelastic fluids@1#.
Besides industrial purposes, one reason for this interes
certainly related to the good theoretical understanding of
dynamics of the wormlike micelles when subjected to a we
mechanical deformation~linear viscoelasticity!. As far as the
linear rheology is concerned, there is an excellent ove
agreement between theoretical predictions and experime
measurements: the linear viscoelasticity at low frequen
~v,100 rad s21! has been found to be that of a Maxwe
fluid @2#. In other words, in the corresponding time ran
~t.10 ms! the stress relaxation functionG(t) is decreasing
monoexponentially and readsG(t)5G0exp~2t/tR! where
G0 is the elastic plateau modulus andtR the terminal relax-
ation time.G0 is associated with the degree of entanglem
of the network in the semidilute regime andtR takes into
account the two fundamental motional dynamics of
wormlike micellar chains: reptation and reversible brea
ing. These later aspects have been treated in detail in R
@2–4#.

There is another experimental situation for which a g
551063-651X/97/55~2!/1668~9!/$10.00
the
-
on

is
e
k

ll
tal
s

t

e
-
fs.

-

eral agreement has emerged from recent literature. It c
cerns the concentrated solutions of wormlike micelles at
vicinity of the isotropic-to-nematic (I -N) phase boundary
Several surfactant systems investigated these last three
exhibit a nematic phase of micelles at concentrations as h
asfI -N;30% @5–8#. This nematic state is understood as r
sulting from the steric interactions between micellar threa
When an isotropic solution withf slightly below fI -N is
subjected to a simple shearing flow, a shear-induced tra
tion from an isotropic to a nematic state has been eviden
@5,6#. One of the first experimental evidences of the she
inducedI -N transition was due to neutron scattering und
shear for solutions of CPClO3-NaClO3 @5# and of CPCl-
hexanol-brine@6#. Above a characteristic shear rateġ I -N , the
small-angle neutron patterns become anisotropic and fin
reveal the coexistence of two phases of different scatte
signatures: the isotropic and the nematic phases. This
ture was later on confirmed by flow birefringence on cety
rimethylammonium bromide~CTAB! solutions close to the
nematic state@8,9#. Looking at the gap in the direction of th
vorticity of a light transparent Couette cell, the existence
the two-phase state under shear~isotropic-nematic! was also
directly visualized aboveġ I -N @8,9#.

As far as the mechanical response to constant shear
is concerned, a general behavior of the shear stresss versus
shear rate has been found to be shared in common by
1668 © 1997 The American Physical Society
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55 1669INHOMOGENEOUS SHEAR FLOWS OF WORMLIKE . . .
these concentrated surfactant systems. In a controlled s
rate experiment, asġ is increased, the stress increases l
early ~in the Newtonian regime! and then very abruptly a
ġ I -N a crossover occurs to a power-law regimes;ġa. Expo-
nentsa were found to range between 0.1 and 0.2 in CPC3
@5#, CPCl-hexanol@6,10#, CPCl-Sal@7#, and CTAB@11# so-
lutions. A schematic representation of the flow curve is p
vided in Fig. 1 for concentrated solutions of wormlike m
celles~curve labeledf1,fI -N!. A crucial feature of theI -N
transition at high concentrations is that the crossover defi
at ġ I -N andsI -N ~see Fig. 1! occurswell insidethe Newton-
ian regime. In other words, the relation

s I-N'h0ġ I-N ~1!

stands whereh0 is the static viscosity. Assumingh05G0tR
for a Maxwellian fluid and taking forG0 the elastic plateau
modulus usual values of about 500 Pa@7#, Eq. ~1! is equiva-
lent to

s I -N

G0
'ġ I -NtR!1. ~2!

Equation ~2! already points out the relevance of usin
reduced or normalized units for these wormlike system
This will be systematically extended in the following. It als
emphasizes that the reduced stress and rate of transitio
equal and much lower than one~by over a decade!. Physi-
cally, Eqs.~1! and ~2! mean that modest shearing fields a
sufficient to trigger the transition for concentrated solutio
On the theoretical side, a complete treatment of the fi
order I -N transition induced by simple shear is still missin
for the wormlike micelles@12#.

Upon decreasing concentration, the steady shear pro
ties of wormlike micelles are much less understood, even
the experimental side. Salient features are, however,

FIG. 1. Schematical flow curves for wormlike micelles as o
tained from mechanical rate controlled experiments. The curve
beled 1, 2, and 3 are for decreasing surfactant concentrat
f1.f2.f3, f1 being the closest to the concentration of isotrop
to-nematic transition~in absence of shear!. For this latter concen-
tration, one defines (s I -N ,ġ I -N) as the coordinates of the crossov
between the Newtonian and the power-law regime.
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served experimentally on several systems, which Fig. 1 a
to illustrate. Asf is decreased, the static viscosityh0 de-
creases, as a result of the lowering of the elastic modulusG0.
The above change in the stress evolution experienced
f;fI -N at (s I -N ,ġ I -N) is now shifted to higher shear rate
and the stress exhibits a true plateau in the second part o
flow curve~curve labeled 2 in Fig. 1!. At still higher dilution
~labeled 3!, the transition toward the plateau regime is mu
softer and the stress levels off with no clear discontinuity
slope. This progressive change of the nonlinear respons
wormlike micelles upon dilution was first recognized in th
two systems already mentioned, namely, in CPClO3-NaClO3
@5# and in CPCl-Sal@7#. In the meantime, similar behavior
were found out in CPCl-hexanol-brine@6# and in CTAB @8#
solutions, especially in relation to behaviors 1 and 2 of F
1. The CPCl-Sal system deserves an additional commen
contradistinction with the three other surfactants mention
previously, the basic behaviors of Fig. 1 extend to conc
trations as low asf;6%, a concentration which is believe
to be the upper limit of the semidilute regime@13#. A full
understanding of the sequence recognized in Fig. 1 with
creasingf is, unfortunately, missing. However, shear stre
plateaus are rheological features that were also encount
experimentally in semidilute wormlike micellar solutions@1#,
i.e.,f;1%. Note that these concentrations are less or m
less than those discussed in the schematical Fig. 1. For
specificf regime, the plateau behavior was theoretically
terpreted in terms of a pure mechanical instability of she
banding type@14,15#.

In the present paper, we extend our preceding experim
tal study on the CPCl-Sal wormlike micelles@7#, hereafter
referred to as I, and provide now strong experimental in
cations of the relationship between the plateau regime
the existence of inhomogeneous flow of the solution. Us
empirically determined superimposition procedures,
could sum up the flow behaviors at many different conc
trations and temperatures on one single master ‘‘dyna
phase diagram.’’ This phase diagram follows the gene
evolution described in Fig. 1 above, and this generality ari
from the fact that it uses the reduced rheological quanti
s/G0 andġtR instead ofs andġ. We show the existence o
critical flow conditions given bys/G050.9 and ġtR;3,
which are invariant upon concentration or temperat
changes. In the present paper, the high concentration ra
referring to curve 1 in Fig. 1 will not be addressed. Ne
results using flow birefringence experiments are provided
last to demonstrate that in the plateau regime, the worm
micelles flow inhomogeneously. Within the gap of a Coue
cell, two phases of very different birefringence are observ
in the steady state of shearing, as well as after cessatio
the shearing.

The paper is organized as follows: After a brief descr
tion of the experimental procedure~Sec. II!, The Maxwellian
character of the CPCl-Sal micelles is emphasized~Sec. III!.
Section IV is dedicated to the rheological nonlinear
sponses as functions of temperature and concentration a
the determination of superposition procedures applied to
ferent flow curves expressed in normalized units,s/G0 and
ġtR . The master ‘‘dynamic phase diagram’’ is then deriv
using a ‘‘reduced temperature’’ as the control parameter

-
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1670 55BERRET, PORTE, AND DECRUPPE
Sec. VI the present set of data is compared to our prev
works on CPCl-Sal wormlike micelles and discussed in lig
of some theoretical predictions on the isotropic-nematic tr
sition predicted for low molecular weight thermotropic liqu
crystal @16,17#. We show, before some concluding remark
photographs of a sheared sample in the plateau regime
hibiting clearly the coexistence under shear of two differ
phases, characterized by very different birefringence.

II. EXPERIMENT

The surfactant solutions investigated here are the bin
mixtures made of cetylpyridinium chloride~CP1,Cl2! and
sodium salicylate ~Na1,Sal2! ~hereafter abbreviated a
CPCl-Sal! diluted in 0.5M NaCl-brine. Extensively studied
by Hoffmann and Rehage@1,18# but essentially without
added salt, this system is known to easily form elonga
wormlike micelles. Following our two first reports on th
CPCl-Sal system, we focus here on the intermediate con
tration range, between semidilute~f50.5–5 % @13#! and
concentrated~f.20%! solutions. The weight percent con
centrations selected for the present study weref56%, 8%,
and 12% with a molar ratioR5@Sal#/@CPCl#50.5.

The phase diagram of CPCl-Sal solutions has been
cussed in detail in I. Derived using x-ray and birefringen
measurements atT530 °C, the~fCPCl,fSal!-phase diagram
exhibits the usual sequence of phases, namely, isotropic~L1!,
nematic, and hexagonal with increasingf. The nematic ca-
lamitic (Nc) region is observed for total surfactant conce
tration f5fCPCl1fSal;36%. This is to emphasize that th
solutions placed under scrutiny here are far from
isotropic-nematic phase boundary.

The linear and nonlinear viscoelastic properties of
CPCl-Sal solutions were obtained on a rheometrics fl
spectrometer~RFS II! working in a cone-and-plate configu
ration with controlled shear rate~diameter 50 and 30 mm
angle 0.02 rad!. Dynamical measurements were carried o
for angular frequencyv50.1–100 rad s21 at temperatures
ranging betweenT520 °C and T550 °C. It should be
pointed out that this narrowT interval was dictated by the
physicochemical properties of the surfactant solutions: T
Kraft temperature is about 19 °C. In addition, for a syst
with a relaxation time of the order of 1 s at room tempera-
ture, tR falls out of the frequency limits of the fluid spec
trometer utilized, namely,tR,10 ms above 50 °C.

Steady shear rate measurements were restricted toġ not
larger than some hundred of s21, because of mechanical flow
instabilities such as elastically driven meniscus distortio
@19#. It should be pointed out first that all the data display
in the following have been obtained using controlled-r
rheometer. In other words, the solution was forced to flow
a macroscopic imposed shear rateġ, yielding a shear stres
s(ġ). Second, we are here essentially concerned with
stationary limit of the stress. It is now well established—
shown in I—that long-lasting transient responsess(t) are
typical features of the nonlinear rheology of wormlike m
celles in the plateau region~see Fig. 1!, and so we conside
here the long-time limit only~stationary state of shearing!.
Third, we have also checked that the flow curves are rep
ducible using either a Couette cell with controlled rate
using a cone-and-plate device at imposed stress@20#.
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III. LINEAR REGIME: PURE MAXWELL BEHAVIOR

A detailed account of the linear rheology of CPCl-Sa
wormlike micelles at ambient temperature has been alrea
provided in our earlier reports@7,13#. As a result, it was
found that solutions in the intermediate regime of concentr
tion behave as almost exact Maxwell fluids. The low
frequency linear response is thus entirely described by t
parameters, the elastic plateau modulusG0 and the terminal
relaxation timetR . We here undertook dynamical measure
ments at temperatures varying from 20 °C to 50 °C for th
three samples considered~f56%, 8%, and 12%!. Figure 2
shows the results of these dynamical frequency sweeps
rescaled units. The storage modulusG8~v! and the loss
modulusG9~v! as received from the 12% solutions wer
divided by G0 and plotted against the reduced frequenc
vtR . The agreement with a Maxwell model is excellent at a
temperatures and only slight deviations are observed
vtR.10. The continuous lines of Fig. 2 are
G8(x)/G05x2/(11x2) and G9(x)/G05x/(11x2) where
x5vtR . Figure 2 enables us to conclude that in theT range
investigated the CPCI-Sal solutions still behave as Maxw
fluids.

Temperature evolutions forG0 andtR can thus be derived
for the three samples investigated according to a simp
Maxwell analysis. The plateau modulus is found to vary a
G0;T between 20 and 50 °C, whereas in the same rangetR
obeys an Arrhenius law,tR;exp(EA/T). EA denotes here
some activation energy taking into account the reversib
scission mechanism of the micelles as well as the endc
energy@2,21#. Values forG0 and tR as received from the
20 °C data are listed in Table I for comparison. Also show
are the energy barriersEA and the slope of the linear varia-
tion of the elastic plateau modulusG0/T. Note for this last
ratio that a temperature variation by 30 K only changes t
G0 data by 10%, which is only twice the experimental accu

FIG. 2. CPCl-Sal-H2O ~0.5M NaCl!, f512%: Real and
imaginary parts of the complex elastic modulusG* (v)5G8(v)
1 iG9(v) in units ofG0 as functions of the rescaled angular fre
quencyvtR for temperatures comprised between 20 °C and 45 °
The solid lines are explained in the text and correspond to t
Maxwellian viscoelastic behavior.
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55 1671INHOMOGENEOUS SHEAR FLOWS OF WORMLIKE . . .
racy in determiningG0. The precision on the data of th
third column in Table I should not be overestimated.

IV. NONLINEAR REGIME:
SHEAR-TEMPERATURE-CONCENTRATION

SUPERPOSITIONS

The careful determination of the Maxwell parameters
functions of temperature is motivated in the following by t
search of a universal representation of the flow curves
terms ofs/G0 versusġtR . It is worthwhile to remember tha
measurements have been performed under a controlled s
rate.

A. Shear-temperature superposition

The nonlinear viscoelastic responses of the three CP
Sal solutions have been systematically measured each
in the range of interest~T520–50 °C!. Figure 3~a! displays
the long-time shear stresss(ġ) as a function of the impose
shear rate for the 12% solution in a semilogarithmic plot.
already mentioned in I, a similar behavior is obtained at
temperatures: The stress increases first linearily in
Newtonian regime and then, at the transition rateġ I -N it lev-
els off at the valuesI -N . Note that aboveġ I -N a true plateau
is found out and that this plateau is only limited at hi
gradients by some flow instability@19#. It is of the utmost
importance to point out here that the constancy of the st
in the plateau regime has been checked very carefully.
ferent rheological histories were applied to the solutio
e.g., using start-up experiments in which a steady rate
imposed upon a sample initially at rest, or using preshea
either in the Newtonian or in the plateau regimes~see Sec.
VII !. In all the cases withġ.ġ I -N , the stress value ends u
in the stationary state atsI -N .

The last data point on the flow curve obtained at 30
illustrates the effect of an unstable flow on these viscoela
solutions. The stress drops abruptly and it has been che
that such a drop is associated with the instability descri
by Larson@19# as the viscoelastic meniscus distortion typic
for cone-and-plate device.

As T is increased from 20 to 45 °C, bothsI -N andġ I -N are
shifted to larger values. However, when passing to the
duced units,s/G0 andġtR , all data points are now superim
posed onto a unique flow curve up to the plateau. This
clearly seen in Fig. 3~b! for which the same set of data a
those of Fig. 4~a! had been considered. This remarkable
perposition was already pointed out in I using different s

TABLE I. List of the room-temperature~T525 °C! viscoelastic
constants measured for the three CPCl-Sal concentrations inv
gated here.G0 denotes the elastic plateau modulus andtR the ter-
minal relaxation time. The activation energyEA ~expressed in units
of kBT, T5300 K! was deduced from the temperature depende
of the Maxwell time.

f
~%!

G0
~Pa!

G0/T
~Pa/K!

tR
~ms!

EA

~K!

6 62 0.22 990 53.860.2
8 106 0.37 1070 55.960.2
12 235 0.8 1020 54.960.3
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factant concentrations but with a unique temperature of m
surements~T525 °C!.

B. Shear-concentration-temperature superposition

Up to now, a major drawback has emerged from the n
linear rheology of the 12% solution displayed in Fig.
Changing the temperature is not sufficient to explore a br
range insI -N/G0 @at most 30% from Fig. 3~b!# or of different
types of flow behavior. This is essentially due to the notic
able variation of the transition rateġ I -N with temperature. A
way to circumvent this drawback is to show that there
another superposition principle valid for the CPCl-Sal wor
like micelles, namely, the concentration-temperature-sh
superpositions. We consider now the two systems atf156%
and f258% at the respective temperaturesT1520 °C and
T2530 °C. The viscoelastic Maxwell constants of these t
systems are clearly different. They have different linear v

sti-

e

FIG. 3. ~a! Shear rate dependencies of the shear stresss(ġ)
measured for the CPCl-Sal system atf512% at temperatures vary
ing between 20 °C and 45 °C. All data points of these flow curv
were obtained in the stationary limit. The arrow indicating a drop
the stress data atT530 °C refers to a flow instability typical for
cone-and-plate devices@19#. ~b! Same results as in~a!, but using the
rescaled units,s/G0 andġtR . Note that at lowġtR , the data points
are well superimposed.
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1672 55BERRET, PORTE, AND DECRUPPE
coelastic parametersG0 and tR , and when subjected to
steady shearing they obey apparently different flow cur
@Fig. 4~a!#. The list of their linear and nonlinear character
tics is given in Table II. However, when rescaled in reduc
units s/G0 and ġtR , Fig. 4~a! demonstrates that they ar
fully superimposed. The plateau regime occurs here at

FIG. 4. ~a! Shear rate dependencies of the shear stresss(ġ)
measured for two CPCl-Sal systems~f56% andf58%! at two
different temperatures,T520 °C andT530 °C, respectively. The
linear and nonlinear viscoelastic constants related to each solu
are listed in Table II. As in Fig. 3~a!, the drop in the stress data a
f56% andT520 °C can be ascribed to some flow instability.~b!
Same experimental results as in~a! but using the rescaled units
s/G0 andġtR . Note that now the data points are superimposed
all ġtR between 1022 up to 50.
s

d

e

same normalized gradient and its height is identical wit
the experimental accuracy~see Table II for details!. This
second superposition principle betweenT andf data is the
prerequisite for a master dynamic phase diagram of
CPCl-Sal wormlike micelles in terms of the reduced va
ables~s* ,ġ* ,T!, wheres*5s/G0 and ġ*5ġtR .

V. MASTER ‘‘DYNAMIC PHASE DIAGRAM’’:
REDUCED VARIABLES

We are now in position to derive a generalized flow d
gram summing up the behavior under shear at all concen
tions and temperatures. For this purpose we first need
develop a systematic~T,f!-correspondence principle in
spired from the results of Figs. 3 and 4. For the three mic
lar solutions investigated in the present work~and in agree-
ment with I!, an empirical relationship seems to hold. A
temperature is increased~f being fixed!, the crossover be-
tween the Newtonian and plateau regimes becomes m
rounded. With further increase, thes(ġ) plateau is replaced
by a flat inflexion point. Let us defineTc the critical tem-
perature at which the flat point is observed. AtT5Tc , we
have

s I -N /G050.9 and ġ I -NtR5360.5. ~3!

This temperatureTc obviously depends on the surfacta
concentration. Equation~3! is verified for the three solutions
~f56%, 8%, and 12%! studied here atTc528, 37, and
48 °C, respectively. The~T,f!-correspondence principle ca
then be deduced from the data displayed in Fig. 5. Here
have plotted using a semilogarithmic representation the n
malized zero-shear viscosityh0(T)/h0(Tc) as a function of
the inverse relative temperature 1/T-1/Tc for each concentra-
tion, f56%, 8%, and 12%. All data points align along th
same straight line, given byh0(T)/h0(Tc)5exp(EA/kBT)
with an Arrhenius energyEA555kBT ~T is taken as the
room temperature!. Figure 5 can be viewed as follows:
represents the temperature variation of the zero-shear vis
ity for a CPCl-Sal micellar solution at a fixed concentrati
f and for which we would be able to measure the linear a
nonlinear viscoelastic responses over a temperature rang
tending from;20 °C aboveTc to ;30 °C below. As men-
tioned already, this feature is essentially aimed to overco
the huge variation oftR(T) for a single system.

Figure 6 synthesizes the whole set of normalized fl
curvess* versusġ* obtained on the three different sample
and now expressed in terms of a unique control parame

on

r

n two
r
s

TABLE II. List of the linear and nonlinear viscoelastic quantities as received from measurements o
CPCl-Sal micellar systems at two different temperatures@see also Fig. 4#. Note that despite different linea
constantsG0, tR , andh0, the shear stress levels off at the same plateau valuess I -N/G0 and at the same rate
ġ I -NtR .

G0
~Pa!

tR
~s!

h0
~Pa s!

sI -N
~Pa!

ġI -N
~s21! s I -N/G0 ġ I -NtR

f56%, 62 0.99 62 52 2 0.84 1.98
T520 °C
f58%, 115 0.16 18 96 12.5 0.83 1.96
T530 °C
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55 1673INHOMOGENEOUS SHEAR FLOWS OF WORMLIKE . . .
the temperature, or more precisely the relative tempera
with respect toTc , T*5T2Tc . Values ofT* are shown in
Fig. 6 for each selected set ofs* ~ġ* ! data. BelowġtR51,
all data points in Fig. 6 are superimposed, as expected fo
linear Newtonian regime~s*5ġ* !. The onset of the platea
at T*5228 °C takes place abruptly and a true discontinu
of slope occurs in thes* ~ġ* ! behavior. We again point ou
that the stress plateau ats*5s I -N/G0 is robust and that, as
far as the stationary state of shearing was concerned, no

FIG. 5. Using a semilogarithmic representation, the normali
zero-shear viscosityh0(T)/h0(Tc) is plotted as a function of the
inverse relative temperature 1/T21/Tc for each concentration
f56%, 8%, and 12%.Tc is defined for each concentration as t
critical temperature~see text!. The straight line describes a
Arrhenius behavior of activation energyEA555kBT. This figure is
the basis of the temperature-concentration correspondence prin
that was developed here for the CPCl-Sal wormlike micelles.

FIG. 6. Master dynamic phase diagram of the CPCl-Sal syst
The normalized stresss*5s/G0 versusġ*5ġtR was obtained on
three different samples atf56%, 8%, and 12% and at differen
temperatures~T520 °C–50 °C!. This phase diagram was derive
using the invariance property of the flow curves with respect
temperature and concentration changes. For sake of clarity,
equally spaced curves are shown. They are all identified with
spect to the critical temperatureTc , as defined in the text, in term
of the reduced temperatureT*5T2Tc ~5228;115!.
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he

ys-

teresis effect could ever be detected using different mech
cal histories. As temperature increases towardTc , the tran-
sition is much smoother and the stress levels off with
discontinuity. AboveTc no plateau can be detected, th
stress increases monotonically, exhibiting an inflection po
Figure 6 illustrates the dynamical phase diagram of mice
solutions subjected to shear in the set of variables,s* , ġ* ,
andT* . It resembles strongly that of I, for which the surfa
tant concentrationf was used as control parameter. No
finally that for slightly negativeT* values, the plateau re
gime is followed by an increase in the stress for reduc
shear ratesġ*;20.

VI. ANALYSIS AND DISCUSSION

The so-called master dynamic phase diagram displaye
Fig. 6 represents one major finding of this paper. It dem
strates first that temperature can also be used as a co
parameter to carefully track the smooth evolution betwe
the different flow regimes encountered in the CPCl-S
wormlike micelles, namely, the regime of a true plateau w
a discontinuity in slope in thes* ~ġ* ! behavior, the critical
regime without an abrupt crossover, then the regime cha
terized by a monotonic increase of the stress. Second,
precise knowledge of the linear viscoelasticity enables u
work with the reduced rheological quantitiess*5s/G0 and
ġ*5ġtR . We here take advantage of the fact that the CP
Sal system can be considered as an almost perfect Maxw
ian fluid in this temperature and concentration range. In
following section, we briefly bring to mind some results a
interpretations of our previous works@7,10# that lead us to
interpret the overall nonlinear response in terms of isotrop
to-nematic transition induced by shear.

In our previous papers@7,10#, we claimed that thes*
plateau could be interpreted as the coexistence line of
different thermodynamical phases present within the sh
ing cell. These two phases, isotropic and nematic, were
sumed to coexist all along the stress plateau and under t
conditions, the shear rate should act only on the relative p
portions of each phase. The arguments developed in I
such a conclusion were based on~i! the formal analogy of
the transient shear stress behaviors obtained in start-up
periments on both CPCl-hexanol-brine~at f532% @6#! and
CPCl-Sal systems;~ii ! a strong experimental indication fo
the CPCl-hexanol-brine solution of two coexisting phases
different order parameters@6#, indicating a biphasic
isotropic-nematic stable state. This latter result was revea
using small-angle neutron scattering under shear in the s
ġ regime.

For both surfactants, transient stresses were recorde
start-up experiments at shear rates above the discontinui
slope, i.e., forġ.ġ I -N , and were shown to be analyticall
similar. The time evolution of the shear stress could be fit
according to a stretched exponential of the form

s~ t,ġ !5s~ t→`,ġ !1Ds0expS 2
t2

tN
2 ~ ġ ! D , ~4!

where s(t→`,ġ)5s I -N denotes the long-time stationar
values of the stress,Ds0 the amplitude of the overshoot afte
inception of the shearing, andtN(ġ) a typical time com-
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prised between 10 and 300 s, depending on the shear
applied@tN(ġ) decreases rapidly with increasingġ#. A pre-
liminary report of the trend quoted by Eq.~4! was published
in Refs.@7, 10#. Actually, tN(ġ) was related in I to a typica
time featuring both the nucleation and the growth proces
of the oriented phase in coexistence with the remaining
tropic one. The interpretation in terms of nucleation and o
dimensional growth dynamics~domain of metastability! was
considered as a strong indication of a first-order characte
the I -N transition. Equation~4! indicates moreover that th
stress versus time is a decreasing function~overshoot situa-
tion!. This overshoot is in good agreement with the expec
tion that the nematic state induced by shear has a much lo
viscosity than the coexisting isotropic one. It was finally co
cluded that theI -N transition in wormlike micelles was as
sociated with an organization of the solution into mac
scopic layers of different order parameters and veloc
gradients.

The present data reported in Sec. V are in full agreem
with I and @10#. But in addition, we here show that the flo
behavior—in reduced units—can be monitored by chang
either concentration or temperature. The correspondence
tween concentration and temperature is given by the ev
tion of the critical temperature versusf: Tc~f!. Then the
entire set of flow behaviors can be drawn as functions ofs* ,
ġ* , andT*5T2Tc(f). Interestingly, the critical flow con-
ditions ares*50.9 andġ*53 @see Eq.~3!#. According to us,
these remarkable invariances have a deep physical mea
that we think is contained in the evolutionTc~f!. But a com-
plete rheological characterization of this variation is inde
difficult. Above 50 °C, evaporation makes measurements
reliable whereas below 20 °C the system precipitates. So
temperature range accessible is far too narrow.

A. Nonequilibrium phase diagram

As mentioned in the introductory part, a strong motivati
to reexamine the nonlinear rheology of the CPCl-Sal wor
like micelles as a function of temperature was related
some recent theoretical works due to See, Doi, and Lar
@16# and Olmsted and Goldbart@17#. These authors hav
solved the problem of shear-inducedI -N phase transition for
rigid rodlike polymers. Although isotropic solutions of rigi
rodlike polymers~low molecular weight! cannot be assimi-
lated to the viscoelastic system made of long flexible surf
tant aggregates, the qualitative analogies between their
clusions and those drawn in I deserve some extra comm
Using basically different approaches, these two groups c
verge to the same findings. When subjected to a flow fi
and in particular to a shearing field, rodlike molecules in
isotropic state undergo a phase transition toward a nem
state. More interesting for us is the nonequilibrium pha
diagram predicted by Olmsted and Goldbart using a fr
energy approach including explicit coupling between
nematic order parameter and the fluid velocity fields@17#.
This phase diagram is expressed in terms of reduced s
stress and temperature, noteds* and t, respectively~nota-
tions are those of Ref.@17#, see Fig. 9!. For temperatures
comprised betweentI -N ~the isotropic-nematic transition
temperature in absence of flow! and the critical value
t*.tI -N , with increasing stress, there exists a two-state
gion with two locally stable states, isotropic and nema
ate
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characterized by differing order parameters and velocity g
dients. In others words, the solution would exhibit a loca
stable inhomogeneous flow. For temperatures larger thant* ,
no transition occurs.

With the set of data obtained in the above sections
CPCl-Sal wormlike micelles, we have been able to constr
a nonequilibrium phase diagram, analogous to that propo
by Olmsted and Golbart@17#. It is shown in Fig. 7, where the
reduced stress at the plateaus I -N/G0 is plotted againstT* ,
the temperature relative toTc . All the data points deduced
from the height of thes* plateau roughly align on a straigh
line ~also indicated in Fig. 7! and the coordinates of th
critical point ares*50.9 andT5Tc . If one accepts the pic-
ture of theI -N transition terminated with a critical behavio
at Tc , this straight line separates two domains of differe
symmetries~orientational order!.

Likewise, Fig. 8 has been constructed using the redu
shear ratesġ I -NtR plotted against the relative temperatu
T2Tc . The full circles are deduced from the first crossov
observed between the Newtonian and plateau regi
whereas the empty circles indicate the onset of further
crease of the shear stresss* ~see Fig. 6!. At a fixed tempera-
ture belowTc , full and empty circles thus delimitate th
range of the stress plateau. As will be shown below,
continuous line is interpreted as the boundary between
different states of shearing. At lowġ* or at temperature
larger thanTc , the flow is considered to be homogeneous.
ratesġ*.ġ I -NtR , the solution is organized into macroscop
layers subjected to different shear gradients, and the flow
inhomogeneous.

The qualitative resemblance between predictions~Fig. 9
in @17#! and experimental results of Fig. 7 is spectacul
This agreement should not be overestimated, however
least for two reasons: ~i! Ref. @16# deals with rigid rodlike
polymer solutions while Ref.@17# is suited for low molecular
weight molecules of thermotropic mesogens: wormlike m
celles are very long and very flexible polymerlike chains.~ii !

FIG. 7. First nonequilibrium phase diagram for the CPCl-S
wormlike micelles. Here, the reduced stress at the plateaus I -N/G0
determined from the nonlinear viscoelastic responses is sh
againstT* , the temperature relative toTc . The data points obtained
at different temperatures and concentrations are found to rou
align on a straight line that ends up at the critical points*50.9;
T5Tc .



r,
hi
e
ng

a
u
no
r
er
ta

rk
th
ir
m
p
s,
e
or

th

re
p
o
ce

er
e
t
ner
in-

of
-
s-
f a

ions
10
ies
to

hed
ph
g in
-

S

n
ica

ry
.

ring

nt
set
the
the

to

he

55 1675INHOMOGENEOUS SHEAR FLOWS OF WORMLIKE . . .
In Fig. 7, we have assumeda priori that the flow curve
s* ~ġ* ! displaying a flat point refers to a critical behavio
indicating either a critical temperature or concentration. T
assumption has been founded on rheological measurem
only, but was never proved explicitly from, i.e., scatteri
experiments.

B. Flow birefringence

Despite numerous attempts to elucidate the transition
CPCl-Sal wormlike micelles using small-angle neutron sc
tering ~SANS! under shear, we never arrive at an unambig
ous description, as the one obtained for the CPCl-hexa
brine system in @6# and described above. A clea
identification of two phases differing in orientational ord
was not straightforward. Thus, in order to examine the s
of shearing at the stress plateau, flow birefringence~FB! ex-
periments were undertaken with a rheo-optical device wo
ing under basically different conditions, as compared to
standard Couette cell needed for neutrons. For the flow b
fringence, measurements were carried out using a 1.5
gap Couette cell as shearing device. However, here the
larized white light is sent in the direction of vorticity, that i
along the cell height~30 mm! perpendicular to the plan
defined by the fluid velocity and to the shear gradient. M
details on the FB experiment can be found in Ref.@22#. We
do not aim to present in this preliminary report results on
shear rate dependencies of the extinction anglex and bire-
fringenceDn. Instead, we visualized the state of the shea
sample between crossed polarizers. The pair of crossed
larizers is set in a position that lets one arm of the cross
isocline appear in the field of observation. The sample pla
under scrutiny was the CPCl-Sal solution atf512% and
T528 °C. According to the results of Fig. 3~a! the transition
shear rate is estimated atġ I -N5561 s21 for a stress leveling
off at sI -N516062 Pa.

FIG. 8. Second nonequilibrium phase diagram for the CPCl-
wormlike micelles. Here, the reduced temperatureT2Tc is dis-
played as a function of the rescaled shear rateġ I -NtR . The full
circles are determined from the first crossover observed betwee
Newtonian and plateau regimes whereas the empty circles ind
the onset of further increase of the shear stresss* , occurring at
ġ*.10 ~see Fig. 6!. The continuous line indicates the bounda
between homogeneous and inhomogeneous states of shearing
s
nts
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Figure 9~a! shows a photograph of the 1.5-mm-gap und
steady shear atġ510 s21, i.e., in the plateau region. Th
sheared solution in Fig. 9~a! exhibits strong coloration tha
progressively changes when going from the outer to the in
walls of the Couette. The colors reflect the large birefr
gence of the CPCl-Sal solution. At low shear rate, say 1 s21,
Dn approaches 1025, a value that agrees with the value
the birefringence in similar micellar solutions, e.g., CTAB
NaSal @23#. A closer inspection reveals, however, two di
tinctive regions. One close to the inner cylinder is made o
succession of very thin and unicolor~striated! bands. In the
rest of the gap, bands are much broader and the colorat
vary more progressively. From the photograph taken at
s21, one can roughly estimate that the striated layer occup
1
10 of the whole gap, but its spatial extension is not easy
determine.

Once the stationary regime of shearing has been reac
at 10 s21, the rotation is stopped abruptly, and a photogra
is shot a few seconds after cessation of the shear, resultin
Fig. 9~b!. Figure 9~b! exhibits now clearly two separate re

al

the
te

FIG. 9. Photographs of the 1.5-mm gap of a Couette shea
cell containing a CPCl-Sal solution atf512% andT528 °C. In
this flow birefringence experiment, the polarized white light is se
in the direction of vorticity and the pairs of crossed polarizers is
in a position that lets one arm of the cross of isocline appear in
field of observation. For this experiment, we remember that
transition shear rate is estimated atġ I -N5561 s21 for a stress lev-
eling off at sI -N516062 Pa. The two photographs correspond
the following shear histories:~a! under shear atġ510 s21, i.e., in
the plateau regime;~b! at rest, a few seconds after cessation of t
shear atġ510 s21.
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1676 55BERRET, PORTE, AND DECRUPPE
gions of very different birefringence. This photograph r
sembles strongly the ones reported by Cappelaere and
workers on salt-free concentrated CTAB solutions un
shear@8,9#. Here, the spatially dominating layer~close to the
outer cylinder! relaxes very rapidly and appears to be da
between the polarizers, indicating an isotropic refractive
dex tensor. On the contrary, the striated layer composed
the thin banding evoked above still remains very bright.
complete relaxation actually requires several seconds. F
the relaxation of the FB after cessation of shear, we concl
that the orientation of the wormlike micelles and thus t
optical anisotropy tensors in both inner~striated! and outer
layers of Fig. 9~a! are different under shear. This demo
strates that in the plateau regime the flow is inhomogene
In the striated band, the wormlike micelles are strongly o
ented with respect to the flow. This region supports a m
larger shear gradient than the outer layer and its relative
portion is determined to accommodate the imposed ma
scopic velocity gradientġ. Note, finally, two qualitative ob-
servations in agreement with the transition from hom
geneous to inhomogeneous flow: the striated layer o
shows up as the solution was sheared aboveġ I -N and its
relative proportion increases with increasing shear rates.

Extension of these preliminary data are under progre
concerning, in particular, the measurements of the extinc
anglex and birefringenceDn, as well as the amount of ori
ented phase as a function ofġ. The assignment of the ori
ented striated layer to a nematic state induced by shea
would be available by closely comparing the data recei
from flow birefringence and small-angle neutron scatterin

VII. CONCLUSIONS

The major findings of this paper are the master dyna
phase diagram of the CPCl-Sal wormlike micelles using
temperature as a controlled parameter, and the experim
r
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evidence that these micelles flow inhomogeneously. By
homogeneous flow, we mean that the solution is organi
under shear into macroscopic layers subjected to diffe
shear gradients.

The dynamic phase diagram has been derived using
perposition principles evidenced on the flow behavior o
tained as a function of temperature~T520 °C–50 °C! and
concentration~f56–12 %!. The generality of this phase dia
gram arises from the fact that it uses the reduced rheolog
quantitiess/G0 and ġtR instead ofs and ġ. It should be
emphasized that the flow phase diagram of Fig. 6 can
obtained similarly by changing either the micellar concent
tion f or the temperatureT. Having introduced for each
concentrationf the critical temperatureTc~f!, the complete
set of flow behaviors is then totally specified by the thr
reduced variables,s* , ġ* , andT* . Flow birefringence revea
interesting but very complex features for the CPCl-Sal so
tions. It was therefore out of the scope of the present pape
go beyond a brief description. Figure 9 demonstrates in
respect that the plateau regime occurring with a true disc
tinuity of slope in thes* ~ġ* ! data is actually connected wit
an inhomogeneous flow of the solution. The stress plat
obtained in these controlled rate measurements does c
spond to the coexistence line of two stable phases diffe
in viscosity, orientation, and order parameters.

In conclusion, it is worthwhile mentioning that very re
cently, similar nonhomogeneous flows have been obser
too in semidilute surfactant solutions by means of NMR i
aging methods@24#. This latter phenomenon was ascribed
some ‘‘spurt effect’’ adapted for wormlike micelles.
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