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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 0.8 NacCl (abbreviated as CPCI-SaWe have investigated solutions in the intermediate concentra-
tion ranges, ath=6%, 8% andp=12% for temperatures ranging between 20 °C and 50 °C. In thes®d ¢
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 quantiti&s; o/G, and y* = y7g, whereGy is the
elastic plateau modulus ang the terminal relaxation time of the Maxwell fluid. Second, we demonstrate that
the flow curves of the CPCI-Sal wormlike micelled (y*) 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 CPCI-Sal wormlike micelles. One crucial feature of this master phase diagram is the existence
of a critical behavior aT =T, . Here, the stress™* levels off progressively up to a plateau that is reduced to
a single flat point of coordinatgs™ =0.9, y* =3). The low-temperature regim@ K T.) is again identified by
a shear stress plateau beginning by a true discontinuity of slope i*tlig*) behavior. At highT (>T,), o*
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 shearii#1063-651X97)07701-3

PACS numbgs): 82.70-y, 83.50.Gd, 47.20.Ft, 47.56d

I. INTRODUCTION eral agreement has emerged from recent literature. It con-
cerns the concentrated solutions of wormlike micelles at the

The shear flow properties of solutions of wormlike mi- vicinity of the isotropic-to-nematicl¢N) phase boundar
celles have been subjected to an intense debate during tge y P P Y:

past few years. Wormlike micelles are long flexible aggre- everal surfactant systems investigated these last three years

: — exhibit a nematic phase of micelles at concentrations as high
gates made of common surfactant molecules, and in solutiof

~ 0, — i i i -
in water, they are producing highly viscoelastic fluidg. aS 1.y ~~30%[5-8]. This nematic state is understood as re

q . fth like micell h bi d gubjected to a simple shearing flow, a shear-induced transi-
ynamics of the wormlike micelles when subjected to a weakj,'trom an isotropic to a nematic state has been evidenced

r_nechanical defo.rmatioﬁinear viscoelgsticit)/. As far as the 55,6]. One of the first experimental evidences of the shear-
linear rheology is concerned, there is an excellent overal,q,cedi-N transition was due to neutron scattering under
agreement between theoretical predictions and experimentghear for solutions of CPCHNaCIO; [5] and of CPCI-
measurements: the linear viscoelasticity at low frequencieﬁexanm-brine[e], Above a characteristic shear ratgy, the
(v<100 rad 5% has been found to be that of a Maxwell small-angle neutron patterns become anisotropic and finally
fluid [2]. In other words, in the corresponding time rangereveal the coexistence of two phases of different scattering
(t>10 mg the stress relaxation functio@(t) is decreasing signatures: the isotropic and the nematic phases. This pic-
monoexponentially and readS(t)=Ggexp(—t/7g) where ture was later on confirmed by flow birefringence on cetylt-
Gy is the elastic plateau modulus amg the terminal relax- rimethylammonium bromidéCTAB) solutions close to the
ation time.G, is associated with the degree of entanglemennematic stat¢8,9]. Looking at the gap in the direction of the
of the network in the semidilute regime and takes into  vorticity of a light transparent Couette cell, the existence of
account the two fundamental motional dynamics of thethe two-phase state under sh@aptropic-nematicwas also
wormlike micellar chains: reptation and reversible break-directly visualized abovey,_ [8,9].
ing. These later aspects have been treated in detail in Refs. As far as the mechanical response to constant shear rates
[2-4]. is concerned, a general behavior of the shear stregsrsus
There is another experimental situation for which a genshear rate has been found to be shared in common by all
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A served experimentally on several systems, which Fig. 1 aims
i to illustrate. As¢ is decreased, the static viscosity de-
creases, as a result of the lowering of the elastic modajus
The above change in the stress evolution experienced for
d~ .y at (o).n,7-n) is now shifted to higher shear rates,
and the stress exhibits a true plateau in the second part of the
flow curve(curve labeled 2 in Fig.)L At still higher dilution
(labeled 3, the transition toward the plateau regime is much
softer and the stress levels off with no clear discontinuity of
slope. This progressive change of the nonlinear response of
wormlike micelles upon dilution was first recognized in the
two systems already mentioned, namely, in CPENaCIO,
[5] and in CPCI-Sa[7]. In the meantime, similar behaviors
were found out in CPCl-hexanol-brijé] and in CTAB[8]
solutions, especially in relation to behaviors 1 and 2 of Fig.
shear rate y 1. The CPCI-Sal system deserves an additional comment: In
contradistinction with the three other surfactants mentioned

FIG. 1. Schematical flow curves for wormlike micelles as ob- preylously, the basic behaviors of F'g' 1 ex_ten(_j to c_oncen-
tained from mechanical rate controlled experiments. The curves |47ations as low ag~6%, a concentration which is believed
beled 1, 2, and 3 are for decreasing surfactant concentrationf0 be the upper limit of the semidilute regini3]. A full
é1>d,> b3, by being the closest to the concentration of isotropic- understanding of the sequence recognized in Fig. 1 with de-
to-nematic transitior(in absence of shearFor this latter concen- creasing¢ is, unfortunately, missing. However, shear stress
tration, one definesd,.y ,y,.n) as the coordinates of the crossover plateaus are rheological features that were also encountered
between the Newtonian and the power-law regime. experimentally in semidilute wormlike micellar solutiofis,

i.e., $~1%. Note that these concentrations are less or much
these concentrated surfactant systems. In a controlled shegks than those discussed in the schematical Fig. 1. For this
rate experiment, ay is increased, the stress increases lin-gpecific ¢ regime, the plateau behavior was theoretically in-
early (in the Newtonian regimeand then very abruptly at  (epreted in terms of a pure mechanical instability of shear-
7¥\.N @ Crossover occurs to a power-law regime y2. Expo- banding type 14,15,
nentsa were found to range between 0.1 and 0.2 in CRCIO In the present paper, we extend our preceding experimen-

[5], CPCl-hexanol[6,10, CPCI-Sal[7], and CTAB[11] so- tal study on the CPCI-Sal wormlike micell¢g], hereafter

lutions. A schematic representation of the flow curve is PrO< aferred to as I and provide now strona experimental indi-
vided in Fig. 1 for concentrated solutions of wormlike mi- ' P g exp

celles(curve labeledp,<d ). A crucial feature of the-N cations of the relationship between the plateau regime and
1N the existence of inhomogeneous flow of the solution. Using

transition at high concentrations is that the crossover define - . . "
at y,.y andoj_y (see Fig. 1 occurswell insidethe Newton- empirically determined superimposition procedures, we
ian regime. In other words, the relation cou]d sum up the flow behaviors at many dlfferent“concen—
trations and temperatures on one single master “dynamic
phase diagram.” This phase diagram follows the general
evolution described in Fig. 1 above, and this generality arises
stands wherey, is the static viscosity. Assuming,=G,7r  from the fact that it uses the reduced rheological quantities
for a Maxwellian fluid and taking fo6, the elastic plateau /Gy and y7g instead ofe and y. We show the existence of
modulus usual values of about 500 [73 Eq. (1) is equiva-  critical flow conditions given byo/G,=0.9 and yrg~3,
lent to which are invariant upon concentration or temperature
changes. In the present paper, the high concentration range
referring to curve 1 in Fig. 1 will not be addressed. New
results using flow birefringence experiments are provided at
last to demonstrate that in the plateau regime, the wormlike
Equation (2) already points out the relevance of using micelles flow inhomogeneously. Within the gap of a Couette
reduced or normalized units for these wormlike systemscell, two phases of very different birefringence are observed
This will be systematically extended in the following. It also in the steady state of shearing, as well as after cessation of
emphasizes that the reduced stress and rate of transition diee shearing.
equal and much lower than ortby over a decade Physi- The paper is organized as follows: After a brief descrip-
cally, Egs.(1) and(2) mean that modest shearing fields aretion of the experimental procedu¢gec. 1), The Maxwellian
sufficient to trigger the transition for concentrated solutions character of the CPCI-Sal micelles is emphasiggelc. Il)).
On the theoretical side, a complete treatment of the firstSection IV is dedicated to the rheological nonlinear re-
orderl-N transition induced by simple shear is still missing sponses as functions of temperature and concentration and to
for the wormlike micelleg12]. the determination of superposition procedures applied to dif-
Upon decreasing concentration, the steady shear propeierent flow curves expressed in normalized unit&;, and
ties of wormlike micelles are much less understood, even oryrg. The master “dynamic phase diagram” is then derived
the experimental side. Salient features are, however, ohising a “reduced temperature” as the control parameter. In

shear stress ¢

TIN= T0YIN 1)

g.N -
G_O% |-NTR<1' (2)
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Sec. VI the present set of data is compared to our previous
works on CPCI-Sal wormlike micelles and discussed in light

of some theoretical predictions on the isotropic-nematic tran-
sition predicted for low molecular weight thermotropic liquid
crystal[16,17. We show, before some concluding remarks, _
photographs of a sheared sample in the plateau regime, ex-2
hibiting clearly the coexistence under shear of two different ©
phases, characterized by very different birefringence. >

G'/G

Il. EXPERIMENT

The surfactant solutions investigated here are the binary
mixtures made of cetylpyridinium chloridéCP*,CI™) and
sodium salicylate (Na",Sal") (hereafter abbreviated as
CPCI-Sa] diluted in 0.8M NaCl-brine. Extensively studied
by Hoffmann and Rehaggl,18] but essentially without
added salt, this system is known to easily form elongated
wormlike micelles. Following our two first reports on the )
CPCI-Sal system, we focus here on the intermediate conce%a';'icr: ér;'pacr:tzcol;st?eﬂ;nggig eg‘:t? CD’m(ggulé? (.w)Fiegl/(Z?d
tration range, between se_mldllu(eb=0.5_—5 % [13]) and +iG"(w) in units of Gy as functions of the rescaled angular fre-
concen_tratedqﬁ>20%) solutions. The weight percent con- guencywrg for temperatures comprised between 20 °C and 45 °C.
centrations _selected for the present study wgre5%, 8%, The solid lines are explained in the text and correspond to the
and 12% with a molar rati®@=[Sall/[CPCI]=0.5. Maxwellian viscoelastic behavior.

The phase diagram of CPCI-Sal solutions has been dis-
cussed in detail in |. Derived using x-ray and birefringence
measurements a=30 °C, the (¢epcn,dbsa)-phase diagram lll. LINEAR REGIME: PURE MAXWELL BEHAVIOR
exhibits the usual sequence of phases, namely, isotbpic A detailed account of the linear rheology of CPCI-Sal
nematic, and hexagonal with increasihg The nematic ca- rmjike micelles at ambient temperature has been already
lamitic (N;) region is observed for total surfactant Concen'provided in our earlier reportE7,13). As a result, it was

. _ 0 . )
tration ¢=dcpcrt dsar=36%. This is to emphasize that the ¢ 14t solutions in the intermediate regime of concentra-
solutions placed under scrutiny here are far from the

isotropic-nematic phase boundary. ']E|on behavlg as almost e>_<acrt] MaxvyellI fl(;uds._t;l'r:jeblow-
The linear and nonlinear viscoelastic properties of the ' €dUeNcy linéar response IS thus entirely describe 2y two
CPCI-Sal solutions were obtained on a rheometrics flui?@rameters, the elastic plateau modulisand the terminal
spectrometefRFS 1) working in a cone-and-plate configu- relaxation timergz. We here gndertook dynamical measure-
ration with controlled shear rat@iameter 50 and 30 mm, Ments at temperatures varying from 20 °C to 50 °C for the
angle 0.02 rad Dynamical measurements were carried outthree samples considere¢=6%, 8%, and 12% Figure 2
for angular frequencyw=0.1-100 rad ' at temperatures shows the results of these dynamical frequency sweeps in
ranging betweenT=20°C and T=50°C. It should be rescaled units. The storage modulGs(w) and the loss
pointed out that this narrow interval was dictated by the modulus G"(») as received from the 12% solutions were
physicochemical properties of the surfactant solutions: Thelivided by G, and plotted against the reduced frequency
Kraft temperature is about 19 °C. In addition, for a systemw7r. The agreement with a Maxwell model is excellent at all
with a relaxation time of the orderfd s atroom tempera- temperatures and only slight deviations are observed at
ture, 75 falls out of the frequency limits of the fluid spec- w7zr>10. The continuous lines of Fig. 2 are
trometer utilized, namely;zr<10 ms above 50 °C. G'(X)/Go=x%(1+x%) and G"(x)/Gy=x/(1+x?) where
Steady shear rate measurements were restrictgdriot ~ X=w7g. Figure 2 enables us to conclude that in Theange
larger than some hundred of’s because of mechanical flow investigated the CPCI-Sal solutions still behave as Maxwell
instabilities such as elastically driven meniscus distortiongluids.
[19]. It should be pointed out first that all the data displayed Temperature evolutions f@, and 7 can thus be derived
in the following have been obtained using controlled-ratefor the three samples investigated according to a simple
rheometer. In other words, the solution was forced to flow aMaxwell analysis. The plateau modulus is found to vary as
a macroscopic imposed shear rateyielding a shear stress Gy~ T between 20 and 50 °C, whereas in the same range
o(y). Second, we are here essentially concerned with thebeys an Arrhenius lawrz~exp(Ea/T). E, denotes here
stationary limit of the stress. It is now well established—assome activation energy taking into account the reversible
shown in |—that long-lasting transient responsg$) are  scission mechanism of the micelles as well as the endcap
typical features of the nonlinear rheology of wormlike mi- energy[2,21]. Values forG, and 7z as received from the
celles in the plateau regiofsee Fig. ], and so we consider 20 °C data are listed in Table | for comparison. Also shown
here the long-time limit onlystationary state of shearing are the energy barries, and the slope of the linear varia-
Third, we have also checked that the flow curves are repration of the elastic plateau modul@,/T. Note for this last
ducible using either a Couette cell with controlled rate orratio that a temperature variation by 30 K only changes the
using a cone-and-plate device at imposed st28k G, data by 10%, which is only twice the experimental accu-




55 INHOMOGENEOUS SHEAR FLOWS OF WORMLIK . . . 1671

TABLE I. List of the room-temperaturél =25 °C) viscoelastic 250

constants measured for the three CPCI-Sal concentrations investi- i l 45°C

gated hereG, denotes the elastic plateau modulus aapdhe ter- : gPCE(Syal
. = (4]

minal relaxation time. The activation enerfy (expressed in units
of kgT, T=300 K) was deduced from the temperature dependence
of the Maxwell time.

¢ GO GolT R EA
(%) (Pa (Pa/K) (ms) (K)

6 62 0.22 990 53.80.2
8 106 0.37 1070 55:90.2
12 235 0.8 1020 5490.3

shear stress (Pa)

racy in determiningG,. The precision on the data of the
third column in Table | should not be overestimated.

0.1 1 10 100 1000
-1
IV. NONLINEAR REGIME: @) shear rate (s™)
SHEAR-TEMPERATURE-CONCENTRATION !

SUPERPOSITIONS o 45°C
CPCl-Sal
The careful determination of the Maxwell parameters as ¢~ s+ ¢=12% 40°C
functions of temperature is motivated in the following by the © B 00056000
search of a universal representation of the flow curves in % 30°C
terms ofo/G, versusyrg. It is worthwhile to remember that 5 067
measurements have been performed under a controlled strain'q‘;)
rate. = o4t —+
:
A. Shear-temperature superposition = 02 1
The nonlinear viscoelastic responses of the three CPCI-
Sal solutions have been systematically measured each 5 °C T
in the range of interesfT =20-50 °Q. Figure 3a) displays %001 0.1 1 10 100
the long-time shear stresg y) as a function of the imposed  (b) normalized shear rate yrR

shear rate for the 12% solution in a semilogarithmic plot. As
already mentloned |n I, a S|m||ar behaVIOI' |S Obtalned at a” FIG. 3. (a) Shear rate dependencies of the shear smse
temperatures: The stress increases first linearily in theneasured for the CPCI-Sal systenyat 12% at temperatures vary-
Newtonian regime and then, at the transition rate it lev-  ing between 20 °C and 45 °C. All data points of these flow curves
els off at the valuer,_y . Note that abovey,_  a true plateau were obtained in the stationary limit. The arrow indicating a drop in
is found out and that this plateau is only limited at highthe stress data &i=30 °C refers to a flow instability typical for
gradients by some flow instability19]. It is of the utmost cone-and-plate devic¢s9]. (b) Same results as if®), but using the
importance to point out here that the constancy of the stregescaled unitsg/G, and y 7 . Note that at lowyry, the data points
in the plateau regime has been checked very carefully. Difare well superimposed.
ferent rheological histories were applied to the solutions,
e.g., using start-up experiments in which a steady rate ig,ciant concentrations but with a unique temperature of mea-
imposed upon a sample initially at rest, or using presheanng}urememsﬁ:25 °Q).
either in the Newtonian or in the plateau regimese Sec.
VIl). In all the cases withy>y,_, the stress value ends up h . .
in the stationary state at,_y. B. Shear-concentration-temperature superposition
The last data point on the flow curve obtained at 30 °C  Up to now, a major drawback has emerged from the non-
illustrates the effect of an unstable flow on these viscoelastiinear rheology of the 12% solution displayed in Fig. 3.
solutions. The stress drops abruptly and it has been checké&thanging the temperature is not sufficient to explore a broad
that such a drop is associated with the instability describedange ino,_/G, [at most 30% from Fig. @)] or of different
by Larson[19] as the viscoelastic meniscus distortion typicaltypes of flow behavior. This is essentially due to the notice-
for cone-and-plate device. able variation of the transition ratg_y with temperature. A
As T is increased from 20 to 45 °C, both_y andy, y are  way to circumvent this drawback is to show that there is
shifted to larger values. However, when passing to the reanother superposition principle valid for the CPCI-Sal worm-
duced unitsp/G, and y7g, all data points are now superim- like micelles, namely, the concentration-temperature-shear
posed onto a unique flow curve up to the plateau. This isuperpositions. We consider now the two systemg,at6%
clearly seen in Fig. ®) for which the same set of data as and ¢,=8% at the respective temperaturég=20 °C and
those of Fig. 4a) had been considered. This remarkable su-T,=30 °C. The viscoelastic Maxwell constants of these two
perposition was already pointed out in | using different sur-systems are clearly different. They have different linear vis-



1672 BERRET, PORTE, AND DECRUPPE 55

120 Il oz same normalized gradient and its height is identical within
| ] the experimental accuracisee Table Il for details This
] second superposition principle betweErand ¢ data is the
prerequisite for a master dynamic phase diagram of the

o | CPCI-Sal

& w0 I T, =30°C | CPCI-Sal wormlike micelles in terms of the reduced vari-
2 ables(a*,y*,T), wherec* =0/G, and y* = yg.
L
g OF } V. MASTER “DYNAMIC PHASE DIAGRAM”:
Z REDUCED VARIABLES
40 ¢, =6%,
Tl =20 °C

We are now in position to derive a generalized flow dia-
. gram summing up the behavior under shear at all concentra-
] tions and temperatures. For this purpose we first need to
develop a systemati¢T,¢)-correspondence principle in-

20

el

0.1 1 n L 100 spired from the results of Figs. 3 and 4. For the three micel-
@ shear rate ¥ (s7) lar solutions investigated in the present wdakhd in agree-
N ment with ), an empirical relationship seems to hold. As

temperature is increasdg being fixed, the crossover be-

% - CPCl-Sal tween the Newtonian and plateau regimes becomes more

- rounded. With further increase, tla€ y) plateau is replaced

§ sl ; by a flat inflexion point. Let us defing, the critical tem-

E; ' perature at which the flat point is observed. P& T, we

& have

Z 06f ]

"8 .

E 04 0'|_N/G0:0.9 and ’}/|_NTR:3tO.5. (3)

< 4 -

E

> 0, = 6% T, =20°C This temperaturd . obviously depends on the surfactant
0.2 c

o, = 8% T,=30°C 7 concentration. Equatiof8) is verified for the three solutions

_ (¢p=6%, 8%, and 12% studied here aff,=28, 37, and
o — 1‘ ‘ 10 T oo 48 °C, respectively. Th€T,¢)-correspondence principle can
(b) normalized shear rate ¥ T, then be deduced from the data displayed in Fig. 5. Here we
have plotted using a semilogarithmic representation the nor-
FIG. 4. (a) Shear rate dependencies of the shear sts3 mali_zed zero-sh_ear viscosityo(T)/70(T¢) as a function of
measured for two CPCI-Sal syster$=6% and ¢=8%) at two the inverse relative temperaturel14/T fo_r each concentra-
different temperaturesT=20 °C andT=30 °C, respectively. The ton, ¢#=6%, 8%, and 12%. All data points align along the
linear and nonlinear viscoelastic constants related to each solutiob@Me straight line, given byyo(T)/ 7o(T.) =expEa/kgT)
are listed in Table II. As in Fig. @), the drop in the stress data at With an Arrhenius energye,=55%gT (T is taken as the
$=6% andT=20 °C can be ascribed to some flow instabilify)y ~ room temperatuje Figure 5 can be viewed as follows: it
Same experimental results as (@ but using the rescaled units, represents the temperature variation of the zero-shear viscos-
alG, and y7 . Note that now the data points are superimposed fority for a CPCI-Sal micellar solution at a fixed concentration
all y7g between 102 up to 50. ¢ and for which we would be able to measure the linear and
nonlinear viscoelastic responses over a temperature range ex-
coelastic parameter§, and 7z, and when subjected to tending from~20 °C aboveT. to ~30 °C below. As men-
steady shearing they obey apparently different flow curvesioned already, this feature is essentially aimed to overcome
[Fig. 4(@]. The list of their linear and nonlinear characteris- the huge variation ofx(T) for a single system.
tics is given in Table Il. However, when rescaled in reduced Figure 6 synthesizes the whole set of normalized flow
units o/G, and yrg, Fig. 4a) demonstrates that they are curveso™ versusy* obtained on the three different samples,
fully superimposed. The plateau regime occurs here at thend now expressed in terms of a unique control parameter,

TABLE II. List of the linear and nonlinear viscoelastic quantities as received from measurements on two
CPCI-Sal micellar systems at two different temperatiise® also Fig. % Note that despite different linear
constant$s, 7z, and g, the shear stress levels off at the same plateau valugG, and at the same rates

;yI-NTR-

Go R o O1-N 7'_? ]

(Pa €] (Pasg (Pa (s a.NGo YI-NTR
»=6%, 62 0.99 62 52 2 0.84 1.98
T=20°C
»=8%, 115 0.16 18 96 125 0.83 1.96

T=30°C
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1000 v R teresis effect could ever be detected using different mechani-
i ] cal histories. As temperature increases towggd the tran-
sition is much smoother and the stress levels off without
discontinuity. AboveT. no plateau can be detected, the
] stress increases monotonically, exhibiting an inflection point.
4 Figure 6 illustrates the dynamical phase diagram of micellar

solutions subjected to shear in the set of variabdés, y*,
andT*. It resembles strongly that of I, for which the surfac-
tant concentrationyy was used as control parameter. Note

CPCl-Sal

)
-
) g
-

normalized viscosity M 0(T)/n O(Tc)

$=6%T =25°C finally that for slightly negativel* values, the plateau re-
01 L O $=8%T,=37°C gime is followed by an increase in the stress for reduced
o 0=12%T =48°C | shear rateg* ~20.
001 L i PEPINUIN ST S T | | L PR B
-0.2 -0.1 ] 0.1 02 0.3 0.4 VI. ANALYSIS AND DISCUSSION

_ -1
1000 [1/T - T} (K) The so-called master dynamic phase diagram displayed in

J:ig. 6 represents one major finding of this paper. It demon-
strates first that temperature can also be used as a control
parameter to carefully track the smooth evolution between
$=6%, 8%, and 12%T_ is defined for each concentration as the the different flow regimes encountered in the CPCI-Sal

critical temperature(see text The straight line describes an Wor_mlike_mk_:ell_es, name_ly, the*regime of a_true plate_a_u with
Arrhenius behavior of activation enerdg,=55k5T. This figure is @ discontinuity in slope in the™ (y*) behavior, the critical

the basis of the temperature-concentration correspondence princigiedime without an abrupt crossover, then the regime charac-
that was developed here for the CPCI-Sal wormlike micelles.  te€rized by a monotonic increase of the stress. Second, the

precise knowledge of the linear viscoelasticity enables us to
the temperature, or more precisely the relative temperatur‘é{,?rk with the reduced rheological quantities =/Go and
with respect toT,, T*=T—T,. Values of T* are shown in = y7r. We here take advantage of the fact that the CPCI-
Fig. 6 for each gélected setcof('y*) data. Belowyrg=1 Sal system can be considered as an almost perfect Maxwell-
. . R™ +»

all data points in Fig. 6 are superimposed, as expected for t jan qujd in thi§ temperature and concgntration range. In the
linear Newtonian regimés* = y*). The ons:et of the plateau ollowing section, we briefly bring to mind some results and

at T* =—28 °C takes place abruptly and a true diSCominuityinterpretations of our previous workg,10] that lead us to
of slope occurs in the* (y*) behavior. We again point out interpret the overall nonlinear response in terms of isotropic-

that the stress plateau at =0, /G, is robust and that, as to-nematic transition induced by shear.

) . «
far as the stationary state of shearing was concerned, no hys- In our previous paper7,10, we cIa|m_ed that Fhe’
plateau could be interpreted as the coexistence line of two

different thermodynamical phases present within the shear-
1 ing cell. These two phases, isotropic and nematic, were as-
+s ] sumed to coexist all along the stress plateau and under these
conditions, the shear rate should act only on the relative pro-
portions of each phase. The arguments developed in | for
such a conclusion were based 6hthe formal analogy of

a1z ] the transient shear stress behaviors obtained in start-up ex-
periments on both CPCI-hexanol-bri(a& ¢=32% [6]) and
CPCI-Sal systemsg(ii) a strong experimental indication for
the CPCI-hexanol-brine solution of two coexisting phases of
different order parameterd6], indicating a biphasic
isotropic-nematic stable state. This latter result was revealed
using small-angle neutron scattering under shear in the same
v regime.

. ‘ _ e For both surfactants, transient stresses were recorded in
0.1 1 10 100 start-up experiments at shear rates above the discontinuity of
normalized shear rate ¥ T, slope, i.e., fory>%, v, and were shown to be analytically

similar. The time evolution of the shear stress could be fitted

FIG. 6. Master dynamic phase diagram_of the CPCI-Sal systemgccording to a stretched exponential of the form
The normalized stress* =o/G versusy* = yrg was obtained on

three different samples ab=6%, 8%, and 12% and at different t2
temperaturegT=20 °C-50 °Q. This phase diagram was derived a(t,y)= a-(t—>oc,'y)+Ao-oeX[{ - 2—) (4)
using the invariance property of the flow curves with respect to ™N(Y)

temperature and concentration changes. For sake of clarity, only .

equally spaced curves are shown. They are all identified with rewhere o(t—«,y)=0,_y denotes the long-time stationary
spect to the critical temperatufie, as defined in the text, in terms values of the stres&\g, the amplitude of the overshoot after
of the reduced temperatulie =T— T, (=—28;+15). inception of the shearing, angy(y) a typical time com-

FIG. 5. Using a semilogarithmic representation, the normalize
zero-shear viscosityyo(T)/ 79(T,) is plotted as a function of the
inverse relative temperature T 1/T, for each concentration,
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prised between 10 and 300 s, depending on the shear rate 1 . . = ,
applied[7y(y) decreases rapidly with increasing. A pre- plateau limit 5, /G, = 0.9

liminary report of the trend quoted by E@) was published 09 - gt .
in Refs.[7, 10]. Actually, 7y(7y) was related in | to a typical

time featuring both the nucleation and the growth processes 08 F .

of the oriented phase in coexistence with the remaining iso-

tropic one. The interpretation in terms of nucleation and one- % 07 -
dimensional growth dynamigslomain of metastabilifywas ©
considered as a strong indication of a first-order character of

the I-N transition. Equatior(4) indicates moreover that the 06

stress versus time is a decreasing functiovershoot situa- os L CPCI-Sal -
tion). This overshoot is in good agreement with the expecta- '

tion that the nematic state induced by shear has a much lower 04 l . ! ! !
viscosity than the coexisting isotropic one. It was finally con- 50 40 300 <20 -10 0 10
cluded that thd-N transition in wormlike micelles was as- T-T, (°C)

sociated with an organization of the solution into macro-

scopic layers of different order parameters and velocity FiG. 7. First nonequilibrium phase diagram for the CPCI-Sal
gradients. wormlike micelles. Here, the reduced stress at the plateay G,

The present data reported in Sec. V are in full agreemendetermined from the nonlinear viscoelastic responses is shown
with | and[10]. But in addition, we here show that the flow againstT*, the temperature relative T, . The data points obtained
behavior—in reduced units—can be monitored by changingt different temperatures and concentrations are found to roughly
either concentration or temperature. The correspondence batign on a straight line that ends up at the critical paiit=0.9;
tween concentration and temperature is given by the evoluF=T..
tion of the critical temperature versus T.(¢). Then the

. . .
entire set of flow behaviors can be drawn as functions™of ., 5 cterized by differing order parameters and velocity gra-

Lk * _ T __ : iti _ ) . .
y", andT"=T—T.(¢). Interestingly, the critical flow con dients. In others words, the solution would exhibit a locally

" . L :
ditions areo™ =0.9 f.indy. =3[see Eq(3)]. Accordm_g OUS,  gaple inhomogeneous flow. For temperatures larger than
these remarkable invariances have a deep physical meaning' - nsition occurs

that we think is contained in the evolutidn(#). But a com- With the set of data obtained in the above sections for

plete rheological characterization of this variation is indeedCPCI-Sal wormlike micelles. we have been able to construct

difficult. Above 50 °C, evaporation makes measurements uny nonequilibrium phase diagram, analogous to that proposed

{::Inab;?a\alj:g?;r? below 20_b(|3 t_hefsy?tem precipitates. So thSy Olmsted and GolbaftL7]. It is shown in Fig. 7, where the
P ge accessible IS far too narrow. reduced stress at the plateail,/Gy is plotted againsT™,

the temperature relative t0,. All the data points deduced
from the height of thes* plateau roughly align on a straight

As mentioned in the introductory part, a strong motivationline (also indicated in Fig. )7and the coordinates of the
to reexamine the nonlinear rheology of the CPCI-Sal worm-<ritical point ares*=0.9 andT=T,. If one accepts the pic-
like micelles as a function of temperature was related tdure of thel-N transition terminated with a critical behavior
some recent theoretical works due to See, Doi, and Larsoat T, this straight line separates two domains of different
[16] and Olmsted and Goldbaftl7]. These authors have symmetriegorientational order
solved the problem of shear-induckdN phase transition for Likewise, Fig. 8 has been constructed using the reduced
rigid rodlike polymers. Although isotropic solutions of rigid shear ratesy, y7g plotted against the relative temperature
rodlike polymers(low molecular weight cannot be assimi- T—T.. The full circles are deduced from the first crossover
lated to the viscoelastic system made of long flexible surfacebserved between the Newtonian and plateau regimes
tant aggregates, the qualitative analogies between their comhereas the empty circles indicate the onset of further in-
clusions and those drawn in | deserve some extra commentrease of the shear strass (see Fig. 6. At a fixed tempera-
Using basically different approaches, these two groups corture belowT,, full and empty circles thus delimitate the
verge to the same findings. When subjected to a flow fieldtange of the stress plateau. As will be shown below, the
and in particular to a shearing field, rodlike molecules in thecontinuous line is interpreted as the boundary between two
isotropic state undergo a phase transition toward a nematidifferent states of shearing. At low* or at temperature
state. More interesting for us is the nonequilibrium phasdarger thanT ., the flow is considered to be homogeneous. At
diagram predicted by Olmsted and Goldbart using a freeratesy* >y, g, the solution is organized into macroscopic
energy approach including explicit coupling between thelayers subjected to different shear gradients, and the flow is
nematic order parameter and the fluid velocity field3]. inhomogeneous.
This phase diagram is expressed in terms of reduced shear The qualitative resemblance between predictidfig. 9
stress and temperature, notetl and r, respectively(nota-  in [17]) and experimental results of Fig. 7 is spectacular.
tions are those of Ref.17], see Fig. 9 For temperatures This agreement should not be overestimated, however, at
comprised betweeny_y (the isotropic-nematic transition least for two reasons: (i) Ref.[16] deals with rigid rodlike
temperature in absence of flpwand the critical value polymer solutions while Ref17]is suited for low molecular
7 >17_n, With increasing stress, there exists a two-state reweight molecules of thermotropic mesogens: wormlike mi-
gion with two locally stable states, isotropic and nematic,celles are very long and very flexible polymerlike chaifis.

A. Nonequilibrium phase diagram
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FIG. 8. Second nonequilibrium phase diagram for the CPCI-Sal
wormlike micelles. Here, the reduced temperatlire T, is dis-
played as a function of the rescaled shear rgtg 7. The full
circles are determined from the first crossover observed between the
Newtonian and plateau regimes whereas the empty circles indicate
the onset of further increase of the shear str@ssoccurring at
¥*>10 (see Fig. 6. The continuous line indicates the boundary
between homogeneous and inhomogeneous states of shearing.

In Fig. 7, we have assumea priori that the flow curve
o* (¥*) displaying a flat point refers to a critical behavior, (b)

indicating either a critical temperature or concentration. This _
assumption has been founded on rheological measurements FIG- 9. Photographs of the 1.5-mm gap of a Couette shearing

only, but was never proved explicitly from, i.e., scattering ¢€ll containing a CPCI-Sal solution ak=12% andT=28 °C. In
experiments. this flow birefringence experiment, the polarized white light is sent

in the direction of vorticity and the pairs of crossed polarizers is set
in a position that lets one arm of the cross of isocline appear in the
field of observation. For this experiment, we remember that the
Despite numerous attempts to elucidate the transition ifransition shear rate is estimatedjgty=5+1 s * for a stress lev-
CPCI-Sal wormlike micelles using small-angle neutron scateling off at 0;.y=160+2 Pa. The two photographs correspond to
tering (SANS) under shear, we never arrive at an unambigu-the following shear historiesa) under shear ay=10 s}, i.e., in
ous description, as the one obtained for the CPCIl-hexanothe plateau regimegp) at rest, a few seconds after cessation of the
brine system in[6] and described above. A clear shear aty=10s
identification of two phases differing in orientational order
was not _straightforward. Thus, in order Fo e_xamine the state Figure 9a) shows a photograph of the 1.5-mm-gap under
of shearing at the stress plateau, flow birefringef®) ex- o34y shear ay=10 s, i.e., in the plateau region. The
periments were undertaken with a rheo-optical device Work'sheared solution in Fig.(8) exhibits strong coloration that

ing under basically different conditions, as compared to th : : :

stgndard Couette )éell needed for neutrons. For tF;\e flow bir _rogresswely changes when going from the outer to the inner

fringence, measurements were carried oﬁt using a 1.5 mlWalls of the Couette. The colors reflect the large birefrin-
’ he pgence of the CPCI-Sal solution. At low shear rate, say’l s

gap Couette cell as shearing device. However, here the pA hes 16 | h ith th I ¢
larized white light is sent in the direction of vorticity, that is, 2" @PProaches 10’ a value that agrees with the value o
the birefringence in similar micellar solutions, e.g., CTAB-

along the cell heigh{30 mm) perpendicular to the plane ' _ :
defined by the fluid velocity and to the shear gradient. Morda@Sal[23]. A closer inspection reveals, however, two dis-
details on the FB experiment can be found in Reg]. we tinctive regions. One t_:lose to th_e inner cylinder is made of a
do not aim to present in this preliminary report results on thesuccession of very thin and unicol(striated bands. In the
shear rate dependencies of the extinction anglnd bire-  rest of the gap, bands are much broader and the colorations
fringenceAn. Instead, we visualized the state of the sheareyary more progressively. From the photograph taken at 10
sample between crossed polarizers. The pair of crossed ps-, one can roughly estimate that the striated layer occupies
larizers is set in a position that lets one arm of the cross ofs of the whole gap, but its spatial extension is not easy to
isocline appear in the field of observation. The sample placedetermine.

under scrutiny was the CPCI-Sal solution a+12% and Once the stationary regime of shearing has been reached
T=28 °C. According to the results of Fig(8 the transition at 10 s%, the rotation is stopped abruptly, and a photograph
shear rate is estimated #t.y=5+1 s ! for a stress leveling is shot a few seconds after cessation of the shear, resulting in
off at 0,.y=160*2 Pa. Fig. 9b). Figure 9b) exhibits now clearly two separate re-

B. Flow birefringence



1676 BERRET, PORTE, AND DECRUPPE 55

gions of very different birefringence. This photograph re-evidence that these micelles flow inhomogeneously. By in-
sembles strongly the ones reported by Cappelaere and chemogeneous flow, we mean that the solution is organized
workers on salt-free concentrated CTAB solutions undemunder shear into macroscopic layers subjected to different
shear[8,9]. Here, the spatially dominating layérlose to the  shear gradients.
outer cylindey relaxes very rapidly and appears to be dark The dynamic phase diagram has been derived using su-
between the polarizers, indicating an isotropic refractive inperposition principles evidenced on the flow behavior ob-
dex tensor. On the contrary, the striated layer composed btained as a function of temperatu(@=20 °C-50 °Q and
the thin banding evoked above still remains very bright. Itsconcentration¢=6-12 %. The generality of this phase dia-
complete relaxation actually requires several seconds. Frogram arises from the fact that it uses the reduced rheological
the relaxation of the FB after cessation of shear, we concludguantitieso/G, and y7g instead ofo and y. It should be
that the orientation of the wormlike micelles and thus theemphasized that the flow phase diagram of Fig. 6 can be
optical anisotropy tensors in both inngtriated and outer obtained similarly by changing either the micellar concentra-
layers of Fig. 9a) are different under shear. This demon-tion ¢ or the temperaturd. Having introduced for each
strates that in the plateau regime the flow is inhomogeneousoncentrationp the critical temperatur@&.(¢), the complete
In the striated band, the wormlike micelles are strongly ori-set of flow behaviors is then totally specified by the three
ented with respect to the flow. This region supports a mucheduced variablesr*, y*, andT*. Flow birefringence reveal
larger shear gradient than the outer layer and its relative pranteresting but very complex features for the CPCI-Sal solu-
portion is determined to accommodate the imposed macrdions. It was therefore out of the scope of the present paper to
scopic velocity gradieny. Note, finally, two qualitative ob- go beyond a brief description. Figure 9 demonstrates in this
servations in agreement with the transition from homo-respect that the plateau regime occurring with a true discon-
geneous to inhomogeneous flow: the striated layer onlyinuity of slope in theo* (y*) data is actually connected with
shows up as the solution was sheared abgyg and its an inhomogeneous flow of the solution. The stress plateau
relative proportion increases with increasing shear rates. obtained in these controlled rate measurements does corre-
Extension of these preliminary data are under progresspond to the coexistence line of two stable phases differing
concerning, in particular, the measurements of the extinctioin viscosity, orientation, and order parameters.
angle y and birefringence\n, as well as the amount of ori- In conclusion, it is worthwhile mentioning that very re-
ented phase as a function @f The assignment of the ori- cently, similar nonhomogeneous flows have been observed
ented striated layer to a nematic state induced by shearintgpo in semidilute surfactant solutions by means of NMR im-
would be available by closely comparing the data receivediging method$24]. This latter phenomenon was ascribed to
from flow birefringence and small-angle neutron scattering.some “spurt effect” adapted for wormlike micelles.
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