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Polymer solutions in the vicinity of the 6-point are known to undergo shear-induced turbidity or phase
separation. The present study shows that a similar phenomenon also occurs for certain wormlike micellar
solutions. Wormlike micelles are the self-assembled counterparts of polymers and are characterized by
their ability to reversibly break and recombine. In the system of interest, the micelles are formed by the
cationic surfactant erucyl bis(hydroxyethyl)methylammonium chloride (EHAC), in conjunction with a salt
such as sodium chloride (NaCl) or sodium salicylate (NaSal). Micellar samples that become turbid under
shear show evidence of critical concentration fluctuations and may contain predominantly branched micelles.
The shear-induced turbidity in these samples correlates with the appearance of flow-dichroism in rheo-
optic experiments and with an increase in low-q scattering in small-angle light scattering under flow
(flow-SALS) experiments. The characteristic “butterfly” pattern, with enhanced scattering in the flow
direction and a dark streak perpendicular to the flow direction, is typically observed in flow-SALS. The
results suggest that the turbidity is due to a shear-induced growth of concentration fluctuations, which
in turn manifests as large anisotropic domains, typically oriented along the vorticity axis.

Introduction

Under the appropriate conditions (temperature, salt
and surfactant concentration, etc.), surfactant molecules
can self-assemble into long, flexible chains referred to as
wormlike or threadlike micelles.r~2 Similar to polymers,
these chains also form entangled networks in semidilute
solutions, giving rise to highly viscoelastic fluids. Unlike
most polymers, however, wormlike micelles break and
re-form dynamically. If this process is sufficiently rapid,
the solution viscoelasticity is well-approximated by a
Maxwell fluid with a single relaxation time.2 The analogy
between wormlike micelles and polymers is a subject of
lively debate, and many similarities in the rheology and
dynamics of the two systems have been noted (e.g., the
plateau modulus G, increases with concentration as ~c?2
for both cases).? In this paper, we show that some wormlike
micellar solutions also tend to exhibit shear-induced phase
separation, a nonequilibrium phenomenon that has been
predominantly associated with polymer solutions.

Shear-induced phase separation (SIPS) has been re-
ported for semidilute solutions of some polymers in
marginal or theta-solvents.*1° These solutions turn visibly
turbid when sufficient shear is imposed, and upon shear
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cessation the solutions revert to their clear state. The
turbidity has been shown to arise from a shear-induced
enhancement of polymer concentration fluctuations.®
Thus, the phenomenon is not a true thermodynamic phase
transition but a nonequilibrium result of the coupling
between hydrodynamic stress and concentration in a
polymeric fluid. In light or neutron scattering experiments
onafluid under shear, the concentration fluctuations give
rise to an anisotropic “butterfly pattern”, where the
scattering is enhanced in the direction of the flow and
depressed in the direction perpendicular to the flow.8-1°
Indeed, the butterfly pattern indicates the hydrodynamic
origin of this effect.

Shear-induced turbidity in polymer solutions has been
investigated using rheo-optics by several groups.®” At the
onset of turbidity, the sample exhibits a negative flow-
dichroism due to scattering from micron-sized, elongated
domains. These domains correspond to shear-enhanced
concentration fluctuations and are often oriented per-
pendicular to the flow-gradient plane along the vorticity
axis.® With further increases in shear rate, the dichroism
may reverse sign from negative to positive, suggesting
that the domains orient along the streamlines.}*13 It is
significant that flow-dichroism does not develop in solu-
tions that remain clear under shear. On the other hand,
both clear and turbid polymer solutions exhibit flow-
birefringence, and its magnitude increases monotonically
with shear rate.” Thus, flow-birefringence reflects the
segmental alignment of flexible-chain polymers under
shear, while dichroism tracks the growth of anisotropic
concentration fluctuations.
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Recently, shear-induced turbidity has also been ob-
served in other kinds of complex fluids. Le Mains and
Tassin'* reported this phenomenon for aqueous solutions
of telechelic associative polymers (bearing C18 hydro-
phobes at the ends of the polymer chain). Krishnan et
al.'> observed shear-induced turbidity in polymeric bi-
continuous microemulsions consisting of two homopoly-
mers and a diblock copolymer. Remarkably, both these
classes of fluids showed a plateau in the shear stress as
a function of shear rate, a feature also exhibited by
wormlike micellar solutions.

Concerning wormlike micellar fluids, a variety of shear-
induced phenomena have been reported.16=2¢ The term
“shear-induced phase transition” is often encountered, but
it usually refers to a different physical phenomenon.?¢
For instance, several authors have interpreted the stress
plateau found in the rheology of wormlike micellar fluids
as evidence for a flow-induced phase transition.31718 This
plateau corresponds either to the formation of a shear-
banded flow'” (where fluid layers of different viscosity
coexist) or to a shear-induced transition from an isotropic
to a nematic phase.'® Others have attributed the shear-
thickening shown by dilute wormlike micellar fluids to
the shear-induced formation of a “gel” phase.'®?° However,
neither the stress plateau nor shear thickening are
necessarily accompanied by an increase in the solution
turbidity.

There do exist a few reports of shear-induced turbidity
in wormlike micellar fluids.*®=25 Pine and co-workers'%2°
found that a solution containing equimolar amounts of
the surfactant tris(2-hydroxyethyl) tallowalkylammonium
acetate and the salt sodium salicylate separated into two
coexisting phases when sheared at constant stress (but
not when sheared at constant rate). Fischer and co-
workers?-22 gbserved a series of alternating turbid and
clear rings in the shear-thickening regime of an equimolar
cetylpyridinium chloride/sodium salicylate solution. Al-
though these observations are noteworthy, a coherent
picture of shear-induced turbidity in wormlike micellar
fluids has yet to emerge and important questions remain
to be answered. For example, do all wormlike micellar
solutions phase-separate under shear, or only those at
certain locations on the phase diagram? Further, are the
physical manifestations of the shear-induced transitions
in wormlike micellar solutions similar to or distinct from
the corresponding observations for polymer solutions? To
answer these questions, an understanding of the shear-
induced phase behavior in the context of the equilibrium
phase behavior and microstructure is necessary.

In previous work, we have characterized the rheology,
phase behavior, and equilibrium microstructure of a new
wormlike micellar system based on a C,,-tailed cationic
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surfactant and salt.?”-?®8 The corresponding fluids are
distinguished both by their unusually pronounced vis-
coelasticity (solution viscosities orders of magnitude higher
than that for comparable systems) and by the rich diversity
of their equilibrium phase behavior. Depending on the
type and concentration of salt, there are both upper and
lower consolute phase boundaries in these systems.?® In
this paper, we report that, depending on their location on
the equilibrium phase diagram, some of these solutions
exhibit shear-induced phase separation.

Experimental Section

Materials. The surfactant erucyl bis(hydroxyethyl)methyl-
ammonium chloride (EHAC), CgH17—CH=CH—C1,H24—N(C.H4-
OH),CH3s, was a commercial product manufactured by Akzo
Nobel, Chicago, IL. Sodium chloride and sodium salicylate (o-
hydroxy benzoate) were of >99% purity (Aldrich). Solutions
containing surfactant and salt were prepared using Nanopure
deionized water. The phase behavior of these mixtures has been
reported previously.?8

Rheology. Rheological experiments at 25 °C were performed
on a Bohlin CS-50 stress-controlled rheometer and on a Rheo-
metric Scientific ARES strain-controlled rheometer. A cone-and-
plate geometry (cone of 50 mm diameter and 0.04 rad angle) was
used with both instruments. Rheological studies on these samples
have been discussed in detail in previous publications.?”:28

Rheo-Optics. Rheo-optic experiments were performed using
the Optical Analysis Module (OAM) on a Rheometric Scientific
ARES rheometer. The sample was placed in a couette cell having
an inner bob of 30 mm diameter and an annulus of 2 mm. The
temperature was maintained at 25 °C by a forced-air oven.
Linearly polarized light from a He—Ne laser (1 = 632.8 nm) was
passed through the sample parallel to the axis of rotation (Figure
la), thereby enabling rheo-optic studies in the flow-gradient
plane. The optical path length was 20 mm. Analysis of the
transmitted light yielded the quantities of interest, viz., the
birefringence (An’), the dichroism (An'"), and the transmitted
light intensity (Ipc). The transmitted intensity was normalized
by the Ipc value at rest to give the normalized transmittance T*,
which takes on values from 1 (clear sample) to 0 (completely
turbid sample).

Small-Angle Light Scattering under Flow (Flow-SALS).
Static light scattering measurements under shear were performed
using the optical train of a Rheometrics Optical Analyzer (ROA)
modified to project the two-dimensional scattering pattern
directly onto the optical chip of a CCD camera. A He—Ne laser
(A=632.8 nm)was used to enable an accessible range of scattering
vectors g from 0.0018 t0 0.008 A-1. The accuracy of the scattering
vector (qg) scale was checked by comparing the scattering curve
of 2.8 um polystyrene latex spheres (Interfacial Dynamics) with
that from Lorenz—Mie theory.29:30

The sample was placed in a 0.28-mm-gap parallel plate
geometry thermostated by a fluid bath to 25 °C. The laser was
sent through the sample parallel to the flow-gradient direction
(Figure 1b), thereby enabling two-dimensional scattering pat-
terns to be collected in the flow-vorticity plane. The scattering
patterns were stored as MPEG movie files at a rate of 30 frames
per second. To ensure that a steady-state pattern was obtained
at each shear rate, the time of each shear zone was chosen based
on the transient rheological and rheo-optical behavior of each
sample. The final scattering pattern was obtained by averaging
frames collected during the final 30 s of shear after steady state
was achieved.

Sector averages over 15° were calculated in the flow (x-axis)
and vorticity (z-axis) directions. Following the methods of
Hashimoto,13! the intensities along the flow and vorticity
directions were integrated and normalized by their at-rest value
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Figure 1. Schematic of (a) rheo-optic experiments, (b) flow-SALS experiments, and (c) flow-SANS experiments.

to provide a method of quantifying the critical shear rate from
the data:

. Ox,max . Ox,max .
AW = [ @) dad [ @y = 0) da, (1)
Tl — 0z, max . 0z, max oy —

JD = [ Na) dad 57 gy = 0)da,  (2)

where 1(qgx, y)and I(g;, ) are the 15° sectoral averages of the
intensity in the flow and vorticity directions at a given shear
rate 7, and Qxmin, Qx,max, 0z min, @Nd gz max define the limits of the
experimental g-range.

Small-Angle Neutron Scattering under Flow (Flow-
SANS). Flow-SANS experiments were conducted at NIST,
Gaithersburg, MD. The sample was placed in a quartz couette
cell with an outer rotating cylinder of radius 29.5 mm and an
annulus of 0.5 mm. A neutron beam of wavelength 1 = 6 A was
incident perpendicular to the flow direction (Figure 1c), and the
two-dimensional scattering pattern was collected in the flow-
vorticity plane. The scattering spectra were corrected for
background, empty cell scattering, and transmission and placed
on an absolute scale using calibration standards. All experiments
were done at 25 + 0.1 °C. SANS spectra under shear were
anisotropic, and intensity averages of these spectra were obtained
over 15° sectors about the flow and vorticity directions. The data
are shown in terms of the absolute scattered intensity | as a
function of the scattering vector q = (4xt/4) sin(6/2) where 4 is the
wavelength of incident neutrons and 6 is the scattering angle.
To quantify the anisotropy observed in the SANS patterns, an

alignment factor, defined by
Ar = (lgg = 19)/1gg 3)

is calculated for each shear rate. Here lp and lg are 15° sectoral
averages of the intensity in the flow (azimuthal angle ¢ = 0°) and
vorticity (¢ = 90°) directions, respectively, and the alignment
factor is averaged over the g-range 0.02—0.04 A-1. At rest, when
thereisnoalignment, A= 0, and when the micelles are perfectly
aligned, As = 1.

Results

A. EHAC/NaCl Micellar Solutions. Itis useful to first
recapitulate the phase behavior and rheology of EHAC/
NaCl mixtures.?”?® The phase diagram for 40 mM EHAC
solutions as a function of temperature is reproduced in
Figure 2a. For salt concentrations (Cnaci) exceeding 1200
mM, the solutions separate into two liquid phases with
a distinct meniscus between the phases. The solutions
also phase-separate when cooled below the coexistence
curve, but in this case, the two-phase samples remain as
turbid dispersions. The corresponding rheology of EHAC/
NaCl solutions at 25 °C is reproduced in Figure 2b. The
zero-shear viscosity 7o goes through a maximum as a
function of cnaci. Samples near the viscosity maximum
are in fact gels; that is, they do not show a plateau in
viscosity at low shear rates.?” The viscosity values shown
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Figure 2. Phase behavior and rheology of EHAC/NaCI
mixtures at a fixed EHAC content of 40 mM (ref 28): (a)
coexistence temperature T, vs salt concentration; (b) zero-shear
viscosity 7o at 25 °C vs salt concentration. The filled circles in
panel b denote samples that show shear-induced turbidity.
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Figure 3. Steady-shear rheology for 40 mM EHAC micellar
solutions at NaCl concentrations of 60 mM (a), 100 mM (O),
600 mM (H), 800 mM (O), and 1000 mM (®). The sample viscosity
is normalized by its zero-shear value and plotted versus the
Weissenberg number Wi = ytg.

in Figure 2b for these samples correspond to a shear rate
of 10~4s~1. Beyond the maximum, the viscosity drops until
the point of phase separation. All solutions investigated
show steady-shear rheological behavior typical of en-
tangled wormlike micelles, as seen in Figure 3 where the
viscosity, normalized by its zero-shear value #,, is plotted
as a function of the Weissenberg number Wi = yr for
selected EHAC/NaCl samples. The relaxation time tr is
the inverse of the critical shear rate at which the viscosity
begins to decrease. In all cases, the rheology shows a
Newtonian viscosity plateau at low shear rates (Wi < 1),
followed by rapid shear thinning at high shear rates (Wi
> 1).

Solutions with high salt content became noticeably
turbid on shearing. This was observed visually in many
cases, e.g., for a40 mM EHAC + 1000 mM NaCl sample.
Initially, the solution was clear and bluish, but when the
vial was shaken lightly, parts of the sample turned cloudy
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Figure 4. Transientrheo-optic experimentsona40 mM EHAC
+ 1000 mM NaCl sample in H,0. The normalized transmittance
T* (a), the flow-birefringence An’ (b), and the flow-dichroism
An" (c) are shown as a function of time during and after shear

rates of 0.05, 1, 7, and 20 s~1. The shear zone is 120 s and is
followed by 120 s of relaxation.

and further shaking resulted in an entirely turbid sample.
Upon cessation of shear, the turbidity persisted for a few
minutes before gradually clearing. These simple visual
observations suggested that the sample undergoes a
reversible, shear-induced phase separation. The micellar
solutions exhibiting this effect (marked in Figure 2b with
filled circles) all have higher salt concentrations than that
at the viscosity maximum. Micellar solutions at NaCl
concentrations less than about 200 mM showed no visible
signs of turbidity upon shaking.

Rheo-Optic Studies. Rheo-optic measurements were
performed at 25 °C on 40 mM EHAC micellar solutions
at several NaCl concentrations to investigate the shear-
induced turbidity and to determine if there is anisotropy
in the structure. The time-dependent development of
turbidity, dichroism, and birefringence during shear and
their disappearance after cessation of shear are shown in
Figure 4 for a 40 mM EHAC + 1000 mM NaCl sample.
Here, the normalized transmittance T*, birefringence An’,
and dichroism An" are plotted as a function of time for
shear rates in the Newtonian and shear-thinning regimes.
The transmittance T* (Figure 4a) is equal to 1 (clear
sample) during shear rates of 0.05 and 1 s~* but decreases
to 0.84 when the shear rate is increased to 7 s7*. In the
latter case, T* relaxes to a value of 1 within 30 s after
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shear is stopped. The solution is completely turbid (T* —
0) at a shear rate of 20 s~* but regains clarity within 40
s after shear cessation.

The measured birefringence during this transition is
shown in Figure 4b. At a low shear rate of 0.05 s~ (Wi =
0.4), An’ quickly reaches a steady-state value of —0.2 x
1076, Upon cessation of shear, An’ quickly relaxes to zero
(within 10 s), indicating that the micellar solution quickly
reverts to an isotropic state. At a higher shear rate of 1
s (Wi =7), An' initially goes through a sharp overshoot
and thereafter reaches a steady value of —0.3 4+ 0.05 x
107%. The birefringence continues to increase with shear
rate, and at shear rates of 20 s~*or higher, its value exceeds
the instrument resolution (~8 x 1076). The birefringence
is presumably due to micellar segmental alignment in
the flow direction, and its negative value is a consequence
of the negative intrinsic birefringence of the micelle
segments.?® Typically, the higher the shear rate, the
greater the flow-induced alignment. As the extra stress
is primarily due to chain stretch, a stress-optic relationship
between the flow-birefringence and the shear stress is
expected:?

An' sin 2y = 2Co 4)

Here y is the orientation angle of the micelles relative to
the flow and C is the stress-optic coefficient. As expected,®?
x drops from a value of 45° at rest to a low value (~5°) at
high shear rates, indicating alignment of micelle segments
with the flow direction (data not shown).

Finally, the flow-dichroism measurements, which reflect
the anisotropy of any flow-induced structures, are shown
in Figure 4c. At shear rates of 0.05 and 1 s, where T*
remains equal to 1, no dichroism is detected. At a higher
rate well into the shear-thinning regime (7 s%, Wi = 50),
the solution also shows a small, positive dichroism (An"
~ 0.2 x 1077), which relaxes back to zero after shear is
stopped. For ashear rate of 20 s7%, the dichroism is negative
and larger in magnitude (ca. —7.7 x 1076), but the signal
is very noisy due to the small value of T*.

The steady-state values of T*, An', and An'’ are shown
as a function of Weissenberg number for the 40 mM EHAC
+ 1000 mM NaCl sample in Figure 5a. The birefringence
becomes nonzero at Wi < 1 and continues to increase with
shear rate. The dichroism only becomes nonzero at Wi ~
50, corresponding to the decrease of T*. Figure 5b shows
the steady-state values of T* and An" for a sample of 40
mM EHAC + 60 mM NacCl, which has a comparable zero-
shear viscosity (Table 1). In this case, no measurable
turbidity or dichroism is observed over a similar range of
Wi, in accordance with visual observations.

Rheo-optic experiments were performed for solutions
atvarious NaCl concentrations. To quantitatively compare
the data, the loss of transmittance with increasing shear
rate was fit to the empirical form

1
™) =—"T"T—"> S
D= L o ©

where y, is the shear rate at which T* equals 0.5, and p
is related to the rate of decay of T* with shear rate. Table
1 shows the fitted parameters for 40 mM EHAC solutions
with NaCl concentrations of 600, 800, and 1000 mM. As
the salt concentration increases (and thereby, the phase
boundary is approached), the shear rate y,, increases and
T*decays more rapidly. The presence of elastic instabilities

(32) Shikata, T.; Dahman, S. J.; Pearson, D. S. Langmuir 1994, 10,
3470—3476.
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Figure 5. (a) Steady-state values of T* (®), An' (O), and An"
(m) as a function of Weissenberg number Wi fora40 mM EHAC
+ 1000 mM NacCl micellar solution. (b) Steady-state values of
T* (@) and An" (O) as a function of Wi for 40 mM EHAC + 60
mM NaCl. The corresponding shear rates are shown for
reference on each plot.

Table 1. Parameters from the Empirical Fit to T* versus
Shear Rate Data for 40 mM EHAC Solutions with
Various NaCl Concentrations

Csalt
salt (MM) no(Pas) tr(s) ym(s7Y) p Wim = ymtr
NaCl 60 12.8 13.2 n/a n/a n/a
NaCl 100 820 166 n/a n/a n/a
NaCl 600 137 475 1.1+£01 21402 54 + 3

NaCl 800 44.9 108 39+01 49+08 66+2
NaCl 1000 24.2 72 133+03 91+18 110+3

(rod-climbing) in the 40 mM EHAC + 400 mM NacCl
sample made it difficult to quantify rheo-optic data for
this case; however, y, was roughly in the range 0.04—0.2
s, consistent with the above trends. No shear-induced
turbidity was detected for cnac) = 60, 100, and 200 mM.

Toour knowledge, there are no previous reports of flow-
dichroism in wormlike micellar solutions. Note that
dichroism refers to the complex part of the refractive index
tensor and it can arise due to anisotropy in either light
absorption or scattering.® Because typical wormlike mi-
cellar solutions are optically clear, there is little reason
to expect them to be dichroic, either at rest or under flow.
On the other hand, flow-dichroism does occur in polymer
solutions exhibiting shear-induced phase separation® due
to scattering from concentration fluctuations oriented by
the flow. In the micellar systems under consideration here,
a similar scattering of light by flow-induced structures in
solution must be responsible for the flow-dichroism. These
structures must be several micronsor larger, judging from
the visual appearance of turbidity, and we therefore
attempted to detect their presence using scattering
techniques.

Flow-SANS Studies. Flow-SANS experiments were
performed on EHAC/NaCl micelles, with D,O as the
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Figure 6. 2D flow-SANS patterns at different shear rates for a sample of 40 mM EHAC + 900 mM NaCl in D,O. The plots below
show the sector-averaged intensity | about the flow (lg) and vorticity (lgo) directions extracted from the 2D patterns.

solvent. The phase diagram of EHAC + NaCl in D,0O is
slightly shifted relative to that in H,O such that a
composition of 40 mM EHAC + 1000 mM NacCl in D,O is
now in the two-phase region. Reducing the salt concen-
tration to 900 mM resulted in a single-phase sample whose
rheology and phase behavior closely mimicked that of the
H,0 fluid studied earlier. This D,O solution also turned
visibly turbid upon shearing, and the turbidity disap-
peared gradually once the shear was stopped.

Two-dimensional SANS patterns were collected at rest
and under shear at shear rates spanning the Newtonian
and shear-thinning regimes. Representative patterns (flow
direction horizontal, vorticity direction vertical) are shown
in Figure 6 for the 40 mM EHAC + 900 mM NaCl sample.
The rest pattern is isotropic in the flow-vorticity plane,
indicating no preferred orientation of the micelles. The
pattern continues to remain isotropic at low shear rates
(<10s71). Atashear rate of 50 s7%, the patternis noticeably
elongated in the vorticity direction. With further increases
in shear rate, the pattern elongates further, assuming a
two-lobed shape at 200 s~* and a needlelike shape at 2000
s~1. The increase in scattered intensity | in the vorticity
direction and its corresponding decrease in the flow
direction are shown in the accompanying sector-average
I versus g plots (15° sectors). These trends are consistent
with the shear-induced alignment of wormlike chains.33
The shapes of the | versus g plots remain virtually identical
over the entire shear-rate range, which suggests that the
wormlike chains align under flow without any significant
molecular rearrangement on the length scales probed by
SANS.

The alignment factor A¢ (eq 4) is shown as a function
of shear rate and Weissenberg number in Figure 7 for the
40 mM EHAC + 900 mM NaCl sample. Micellar alignment

(33) Penfold, J.; Staples, E.; Cummins, P. G. Adv. Colloid Interface
Sci. 1991, 34, 451.
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Figure 7. Alignment factor based on the flow-SANS sector-
averaged data (see text) for the 40 mM EHAC + 900 mM NacCl
sample in D,0 as a function of the Weissenberg number. The
line is a fit to the data using eq 6.

becomes evident at Wi > 10, and the micelles are almost
completely aligned at Wi > 1000. To compare the micellar
alignment in various samples, the alignment factor data
are fit to the following form:

1

A =1-—""—1
1+ @msans)”

(6)

where 7msans 1S the shear rate at which As = 0.5, and p
is related to the rate of increase of As with shear rate. The
fitted parameters are shown in Table 2 for various NaCl
concentrations. The critical shear rate shows a minimum
at 200 mM NacCl, the location of the maximum in viscosity
and relaxation time, while the critical Weissenberg
number (where Af = 0.5) decreases with increasing NaCl
concentration. There is negligible evidence of alignment
(i.e., As =~ 0) until relatively large Wi, whereupon A¢ rises
steeply. Note that in the case of rheo-optic experiments,
whichwere done in the flow-gradient plane, birefringence
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Figure 8. 2D flow-SALS patterns for a sample of 40 mM EHAC + 1000 mM NacCl in H,O at shear rates of (a) 1 s, (b) 50 s™%,
and (c) 200 s~1. The plots below show the sector-averaged intensity I about the flow (1) and vorticity (lso) directions extracted from

the 2D patterns.

Table 2. Parameters from the Empirical Fit to
Shear-SANS Data for 40 mM EHAC Solutions with
Various Salt Concentrations

salt  Csait (MM)  Pmsans (571 p Wim sans
NacCl 55 215+ 21 0.59 +0.04 25000 + 2000
NacCl 200 34+13 0.34 +0.05 3400 + 1300
NaCl 600 145+ 0.9 1.01 + 0.06 490 4+ 30
NacCl 875 71+8 0.98 £ 0.1 425 + 50
NacCl 900 50 + 34 1.3+0.1 81+ 6

and hence segmental alignment were observed at much
lower shear rates.

Flow-SALS Studies. There is no increase in the low-q
scattering of neutrons from samples under shear, implying
that any shear-induced structures formed are too large to
fall within the range of scattering vectors probed by SANS.
Therefore, we performed flow-SALS experiments on
selected samples (identical to those studied by rheo-optics).
Figure 8 shows two-dimensional SALS patterns from a
40 mM EHAC + 1000 mM NaCl micellar solution for shear
rates of 1, 50, and 200 s™!, with corresponding sector
averages of the intensity in the flow (1o, ¢ = 0) and vorticity
(le0, » = 90) directions. The scattered intensity at y = 1
s~1 remains isotropic (Figure 8a), with Iy and g, overlap-
ping at all g. There is little to no increase in the scattered
intensity at 1 s~ compared to the rest state, even though
the solution is birefringent (Figure 4) and within the shear-
thinning regime (Figure 3) at this shear rate. At y = 50
s1 (Wi = 360), the scattering in the flow direction is
enhanced and a “butterfly” pattern is evident. The slope
of 1 versus g approaches —4, indicating the presence of
sharp interfaces, possibly phase-separated domains.3* As

(34) Porod, G. Kolloid Z. Z. Polym. 1951, 124, 83.

-1
Rate (s')

0.1 1.4 139 1390
10 e ]
: Regime I LA
s 3¢ | N

Il E Al
= oF e "~
2 4 L]
= 4F A A
N F A ]
a
2 F A‘ [
A ]

: Y

[ FTTY BT T! B S WU TTT] NS AT M A

10’ 0t e 10°

Wi

Figure 9. Integrated flow-SALS intensities along the flow _%
(a) and vorticity % (a) directions as a function of Weissenberg
number for the 40 mM EHAC + 1000 mM NaCl sample.

the shear rate is further increased to 200 s~* (Wi = 1400),
the scattering pattern becomes more isotropic, with Iy
also showing the g~ scaling.

Figure 9 shows the integrated intensities (egs 1 and 2)
along the flow (%) and vorticity (%) directions as a function
of shear rate and Wi for the 40 mM EHAC + 1000 mM
NaCl sample. At low shear rates, the scattering under
shear is identical to the scattering at rest (regime 1). At
about 10 s (Wi~ 70), the scattering in the flow direction
% begins to increase, while that in the vorticity direction
% remains unchanged (regime Il). This shear rate
correlates with the onset of strong turbidity in rheo-optics
(Table 1). As the shear rate is increased to 50 s, %
saturates, while % begins to rise (regime I11). Finally,
above a shear rate of 150 s71, % and_% show anomalous
oscillations (regime 1V). Data for 40 mM EHAC solutions
with 600 and 800 mM NaCl show the same qualitative
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Figure 10. Phase behavior and rheology of EHAC/NaSal
mixtures at a fixed EHAC content of 40 mM (ref 28): (a)
coexistence temperature T, vs salt concentration; (b) zero-shear
viscosity 7o at 25 °C vs salt concentration. The filled circles in
panel (b) denote samples that show shear-induced turbidity.

behavior, with the transition shear rates at the onset of
regime |1 being ca. 0.1 and 2 s™%, respectively, which are
also in good agreement with the onset of turbidity from
rheo-optic experiments. As discussed presently, the above
trends in flow-SALS for wormlike micellar solutions
undergoing SIPS are similar to those observed for polymer
solutions during SIPS.

B. EHAC/Sodium Salicylate (NaSal) Micellar So-
lutions. Shear-induced turbidity also occurs in solutions
of EHAC with other simple salts, including potassium
chloride (KCI) and calcium chloride (CacCl,), where it is
observed at high salt content, just as with NaCl solutions.
In addition, hydrotropic salts such as sodium salicylate
(NaSal) can induce EHAC to form wormlike micelles at
much lower salt concentrations, and some EHAC/NaSal
solutions also show shear-induced turbidity. The phase
behavior of the EHAC/NaSal system at 40 mM EHAC is
reproduced in Figure 10a.?8 The first of the two phase
boundaries, appearing at low salt concentrations (Cnasa =
30—40 mM), is of the upper consolute type, that is, the
samples separate into two phases upon cooling. Subse-
quently, for cnasar Of 150 mM or higher, there is a lower
consolute phase boundary, thatis, the samples turn cloudy
when heated above the coexistence curve. The coexistence
or cloud point temperature monotonically increases with
increasing Cnasal-

The rheology of EHAC/NasSal solutions?”-?® at 25 °C is
reproduced in Figure 10b. In this case, the zero-shear
viscosity 7o shows two maxima as a function of Cyasal-
Samples near the first viscosity maximum are gels, as
was noted in the case of EHAC/NacCl, and the viscosity
values shown for the gels correspond to a shear rate of
10~* s71. Beyond the first maximum, the viscosity drops
till the phase boundary is reached. Subsequently, there
is another viscosity maximum at about 600 mM NaSal in
the second single-phase region.

Shear-induced turbidity is visually observed in the
EHAC/NaSal samples marked with filled circles on the
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Figure 11. Rheo-optic and flow-SALS experiments on a 40
mM EHAC + 250 mM NaSal sample. (a) Steady-state values
of T* (@) and An" (O) as a function of the Weissenberg number.
(b) Integrated flow-SALS intensities along the flow _% (2) and
vorticity % (a) directions as a function of the Weissenberg
number.

viscosity plot (Figure 10b). Visual observations reveal a
significant difference between the turbidity in the low-
and high-salt samples. In the low-salt samples, which fall
on the descending side of the first viscosity curve (black
symbols in Figure 10b), the turbidity is pronounced and
long-lived, persisting for several hours or even days before
the sample returns to a single-phase state. In the case of
the high-salt samples located on the ascending side of the
second curve (gray symbols), the turbidity is weak; it
appears only upon a more intense shaking of the vial, and
the sample returns to a clear state almost immediately
upon stopping shear.

To quantify these differences, rheo-optic and flow-SALS
experiments were performed on EHAC/NaSal samples
along each branch of the viscosity plot. Rheo-optic experi-
ments on a40 mM EHAC + 250 mM NaSal solution show
agradual drop in T* as the shear rate is increased (Figure
11a), with the solution never becoming completely turbid.
Over the shear rates examined, the dichroism remains
positive, with its value about 2 orders of magnitude less
than for the NaCl samples. Flow-SALS experiments on
this sample do not show butterfly patterns, although an
increase in intensity is observed at high shear rates (Figure
11b). The integrated intensities along the flow % and
vorticity % directions both increase in accord at Wi ~ 4,
such that the 2D scattering pattern remains isotropic.
The increase in scattered intensity under shear is also
considerably less than that for the EHAC/NaCl solutions,
and the —4 slope of | versus q is not observed (data not
shown). In the case of a 40 mM EHAC + 30 mM NaSal
solution, the rheo-optic data were difficult to reproduce
and are not shown. However, the experiments confirmed
the visual observations in that T* dropped to a low value
at shear rates around 1 s™* and did not recover over the
time period studied. Inspection of the sample following
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the experiment confirmed that it remained turbid and
inhomogeneous.

Discussion

We have demonstrated shear-induced phase separation
(SIPS) in EHAC micellar solutions containing either NaCl
at concentrations of =400 mM or NaSal at concentrations
of 24—32 or 250—400 mM. The SIPS manifests as a
reversible turbidity, which is observed upon gentle shaking
of a vial, and verified quantitatively through rheo-optic
experiments that measure the transmittance of light under
shear. The onset of turbidity occurs when the shear rate
exceeds a critical value, and this coincides with the
development of a finite dichroism in the micellar sample.
On the other hand, both clear and turbid micellar solutions
show flow-birefringence as well as anisotropic flow-SANS
patterns, which are both indicative of segmental alignment
along the flow direction (Figure 7, Table 2). Thus it is the
flow-dichroism that correlates with the turbidity, and both
effects may be attributed to scattering from large, phase-
separated domains. These domains are typically oriented
along the vorticity direction, leading to the negative
dichroism and the butterfly patterns in flow-SALS ex-
periments.%8

The above observations of SIPS in wormlike micellar
solutions are quite analogous to those for SIPS in polymer
solutions, suggesting that similar mechanisms are opera-
tive in both cases. In polymer solutions, the SIPS results
have been classified into four regimes.® In regime I,
typically corresponding to a pseudo-Newtonian viscosity,
no turbidity is observed and the solution is birefringent
but not dichroic. Scattering patterns are isotropic, and
there is no increase in scattered intensity relative to the
quiescent state. Above a transition shear rate y. (regime
I1), the solution becomes turbid with a small, negative
dichroism, and a butterfly pattern is seen in flow-SALS
and/or SANS experiments. Consistent with these results,
micron-sized, elongated domains oriented along the vor-
ticity direction are observed in shear-microscopy images.®
With increasing shear rate in regime 11, the scattered
intensity in the flow direction % increases, causing the
butterfly “wings” to enlarge. As the shear rate is increased
further, % eventually reaches a plateau (regime I11).1131.3
This saturation in_% is accompanied by an increase in_%,
the scattering in the vorticity direction, causing the
butterfly pattern to become more isotropic. An anomalous
regime (regime IVV) may be present above a second critical
rate y,, in which the dichroism and birefringence are very
large, and the dichroism undergoes a sign reversal from
negative to positive.1*313 The integrated SALS intensities
may plateau or oscillate with increasing shear rate.!31.3%
Astreaklike pattern with intense scattering in the vorticity
direction may also be found in regime 1V, where shear
microscopy shows a stringlike phase oriented along the
flow.

In the EHAC/NaCI solutions that show SIPS, all the
above regimes are evident (Figure 9). At low shear rates
(regime I) within the Newtonian plateau and the beginning
of the shear-thinning region, only birefringence is observed
due to segmental alignment. Above a transition shear rate
(regime 11), the solution becomes turbid with a negative
dichroism, and correspondingly, flow-SALS shows but-
terfly patterns, with the butterfly “wings” enlarging with
increasing shear rate. These features are all consistent
with the growth of concentration fluctuations oriented
along the vorticity axis. The integrated SALS intensity in
the flow direction_% continues to increase in this regime.

(35) Hashimoto, T.; Kume, T. J. Phys. Soc. Jpn. 1992, 61, 1839.
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As_% saturates, the intensity in the vorticity direction %
increases (regime Ill). Finally, in regime IV, both_% and
% show anomalous oscillations.

The EHAC/NaSal micellar solutions exhibit several
differences from the EHAC/NaCl solutions with regard to
their SIPS behavior. On one hand, the low NaSal (30 mM)
sample shows a long-lived SIPS, with the turbidity taking
hours to days to recover back to the quiescent state (much
longer than the rheological relaxation time). In contrast,
the 250 mM NaSal sample, which is close to a lower
consolute phase boundary, shows only a weak SIPS. Both
the turbidity and the dichroism are significantly weaker
than in the NaCl solutions, that is, An'' does not saturate,
nor does T* reach zero (Figure 11a). Flow-SALS shows
only a moderate increase in scattering in the flow and
vorticity directions, both increasing in tandem at the same
critical shear rate and thereby leading to an isotropic
scattering pattern rather than the signature butterfly
pattern. These results suggest a more isotropic growth of
concentration fluctuations due to shear in this sample.

In polymer solutions, the critical shear rate for SIPS
(onset of regime I1) often corresponds to the onset of shear
thinning (Wi; = y.t & 1). In turn, y. depends on the
thermodynamic and viscoelastic material properties, such
as temperature or polymer concentration.3! The Helfand—
Fredrickson (HF) linear theory® predicts y. ~ Ky/57,
where K is the osmotic modulus. In the case of EHAC/
NaCl micellar solutions, the critical shear rate for SIPS
increases with NaCl concentration over the range 400 <
Cnact = 1000 mM. Since the zero-shear viscosity decreases
with cnaci OVer this range (Table 1), the observed trend for
y¢ is consistent with the HF prediction.

In contrast to polymer solutions, however, the onset of
SIPS in EHAC micellar solutions occurs at Weissenberg
numbers Wi, ~ 10 or larger. Thatis, in all samples showing
SIPS, the shear rate required to induce turbidity is larger
than that which results in the onset of shear thinning.
Presumably, this means that a greater shear stress is
required to orient the concentration fluctuations in
micellar solutions compared to polymer solutions. The
above finding additionally shows that the phase separation
discussed here does not correspond to the formation of
shear bands'’ or an isotropic-to-nematic phase transition,'®
that is, to phenomena related to the onset of shear
thinning. Furthermore, the shear-induced turbidity and
dichroism are not characteristic of all entangled wormlike
micellar solutions but are only manifested in EHAC
micellar samples over certain salt concentrations.

Asdiscussed, the similarity in SIPS behavior of polymers
and micelles strongly implicates the role of critical
concentration fluctuations, with the turbidity being caused
by the coupling of shear stress to these fluctuations.36:37
Indeed, micellar solutions that showed SIPS also exhibited
an opalescent bluish color, which is indicative of scattering
from concentration fluctuations with sizes on the order of
the wavelength of light. The bluish tinge became stronger
on approaching the temperature—salt phase boundaries
in Figures 2 and 10, indicating growth of these fluctua-
tions, and it is probably no coincidence that the SIPS
became stronger near the same phase boundaries as well.
In contrast, samples farther away from the phase bound-
aries were practically colorless and did not show SIPS.

The above observations emphasize the close link
between the equilibrium and nonequilibrium (shear-
induced) phase behavior in the micellar fluids studied.

(36) Schmitt, V.; Marques, C. M.; Lequeux, F. Phys. Rev. E 1995, 52,
4009.
(37) Olmsted, P. D.; Lu, C. Y. D. Phys. Rev. E 1997, 56, R55.
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Previous reports of shear-induced turbidity in wormlike
micellar solutions®—25 were not placed in the context of
the underlying equilibrium phase behavior. However, it
is interesting that the systems studied by Pine et al.19722
and Fischer et al.??? both contained equimolar concen-
trations of cationic surfactant and NaSal. In our case, an
equimolar mixture of EHAC and NaSal falls within the
two-phase region of the phase diagram (Figure 9a), while
a sample close to the equimolar ratio (Figure 10a) shows
strong shear-induced turbidity. Therefore, it is plausible
that the previous observations of shear-induced turbidity
are also a consequence of concentration fluctuations and
their shear-induced growth in the respective samples.

While the importance of the equilibrium phase behavior
is evident, the solution microstructure also may play a
role in the present context. In contrast to polymers, the
length, flexibility, and structure of micelles may be altered
as a phase boundary is approached. Earlier, we had
postulated a transition from linear to branched micelles
to explain the rheology and phase behavior of EHAC
micellar systems as a function of salt.?® According to this
hypothesis, samples close to the phase boundaries in
Figures 2 and 10 (which correspond to the decreasing
portion of viscosity curves) contain a substantial amount
of branched wormlike micelles. This hypothesis is relevant
here, since the same samples also show shear-induced
turbidity.

A sensible scenario that can tie together these findings
is that linear micelles transform into branched micelles
as the solvent environment around them deteriorates.
Note that in the case of polymers, the 6-point corresponds
to the limit of marginal solvency, and shear-induced phase
separation occurs near the 6-point. A similar limit of
marginal solvency may well exist for micelles in water.
Adding salt may reduce the “solvent quality” of water for
the micelles, causing the micelles to branch. As branching
progresses, the micelles are expected to form a bicon-
tinuous “cross-linked” network, and the system eventually
phase-separates when the associated entropic penalty
becomes too high.33° Thus the branching of micelles near
a phase boundary can be qualitatively compared to the
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shrinking of polymer coils near the 6-point. Indeed, the
presence of highly branched or “bicontinuous” micelles
may even be a necessary criterion for shear-induced phase
separation to occur in micellar fluids. The recent observa-
tion of the same phenomenon in a bicontinuous micro-
emulsion® supports this notion.

Conclusions

We have presented observations of shear-induced phase
separation in solutions of wormlike micelles. The phe-
nomenon occurs for solutions in which long-ranged
concentration fluctuations are present. Rheo-optic studies
show that the effect of shear is to enhance and orient
these fluctuations, leading to a nonzero dichroism signal
under shear. The oriented domains typically lie along the
vorticity axis, leading to a butterfly pattern in flow-SALS,
with enhanced scattering in the flow direction and a
concomitant depression of scattering along the vorticity
direction. The domains are too large to be detected by
flow-SANS, however.

While the underlying physics for shear-induced phase
separation in both polymeric and wormlike micellar
systems may be similar, there are important differences
aswell. In the case of polymers, the polymer coils contract
as the 0-point (limit of poor solvency) is approached. In
micellar systems, the deteriorating “solvent quality” may
drive a transition from linear to branched micelles. The
eventual formation of a bicontinuous or “cross-linked”
network of highly branched micelles may denote the limit
of poor solvency, and we expect shear-induced phase
separation to occur in samples close to this limit.
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