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ABSTRACT: We measure the spatially resolved microstructure and concentration in the plane of flow for a viscoelastic solution
of polymer-like micelles comprised of mass fraction 6.0% (volume fraction 6.6%) solution of 2:1 molar ratio cetylpyridinium
chloride/sodium salicylate in 0.5 mol/L NaCl/D,O through the shear banding transition. Spatially resolved flow small-angle
neutron scattering measurements in the velocity—velocity gradient (1—2) plane of flow establish the local microstructure, and
scanning narrow-aperture flow ultrasmall-angle neutron scattering (SNAFUSANS) measurements indicate no flow-induced
concentration gradients within measurement accuracy. These results show shear banding in this solution is not associated with an
isotropic—nematic transition and are fundamentally important for validating models of shear-banding complex fluids.
Improvements in the SNAFUSANS method are also documented.

he mechanism for shear banding in worm-like or polymer-

like micelles (WLM, PLM) and its theoretical description
remain a well-studied and controversial topic since the seminal
work of Rehage and Hoffman over 20 years ago."” The shear-
banding rheology for a wide variety of worm-like micellar
surfactant systems has been studied over a range of topologies
from relatively short, rigid micelles>™ to long, thread-like
micelles®™® and branching leading to supramolecular net-
works.'”'! In its simplest form, shear banding is observed as
the coexistence of a high and low shear band in the velocity—
velocity gradient (1—2) plane of flow as identified by flow-
velocimetry measurements.®”'?

The search for the physical origin of shear banding is
motivated by theory coupling the shear-induced alignment and
fluctuation of polymers to the nonlinear rheology.13 Indeed, for
surfactant and polymer systems, such flow instabilities are
thought to be intrinsic to the material itself.'* A shear-banding
instability is predicted for a nonmonotonic rheological
constitutive equation (RCE) with an unstable region, where
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stress decreases with increasing shear rate.'> The physical
reasons for this unstable regime in the RCE include extreme
shear thinning, such as observed in the classical Doi—Edwards"®
or Giesekus® models for polymer rheology, shear-induced phase
separations,17 and more recently, shear-induced micellar
breakage.'®"?

Numerous cationic worm-like micellar systems have been
shown by rheo-SANS measurements to exhibit shear banding
concurrent with a shear-induced nematic phase transi-
tion.> 52021 Of significance is the observation that, for these
relatively short, strongly interacting PLMs, shear banding
occurs in close proximity to the equilibrium isotropic—nematic
phase transition, and importantly, shear banding is accom-
panied by significant concentration gradients between the
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bands. Indeed, the development of a new experimental sample
geometry that enables spatially resolved ultrasmall angle
neutron scattering afforded the first quantitative measurements
of shear-induced concentration gradients.” The method of
scanning narrow-aperture ultrasmall-angle neutron scattering
(SNAFUSANS) uses a sealed, horizontally mounted Couette
geometry and a highly collimated neutron beam to accurately
measure the transmission under shearing flow within the
different velocity bands coexisting in a shear-banding complex
fluid. Neutron transmissions are a direct measure of chemical
compositions. These results, coupled with flow-SANS measure-
ments of the spatially resolved flowing microstructure, provided
the first, quantitative nonequilibrium phase diagram for a shear-
banding PLM.* Therein, the formation of a nematic phase with
low viscosity as the high shear band is accompanied by
surfactant concentration enrichment at the expense of the
nearly isotropic, high viscosity surfactant solution comprising
the low-shear band. This enrichment is comparable to that
observed at equilibrium, and thus, a shear-induced isotropic—
nematic phase transition leading to shear banding is found to be
tightly tied to the underlying equilibrium phase behavior.
SNAFUSANS measurements are reported here to resolve the
controversy in the literature concerning the underlying
mechanism for the observed shear banding in a different
model system comprised of a long, entangled thread-like
micellar system.

It is relevant that other worm-like surfactant solutions
comprised of long, but highly branched, worm-like micelles also
exhibit shear banding, but this is a consequence of a completely
different shear-induced Phase separation that is itself localized
to the high shear band."" Shear-induced demixing is observed
for compositions in proximity of a phase separation
characterized by equilibrium between a dense, highly branched
gel coexisting with a dilute brine phase.'"® Comparison between
these very different mechanisms of shear banding for these two
extreme micellar topologies indicates that direct measurements
of the local microstructure and surfactant concentration are
necessary and warranted to properly establish the mechanism
underlying the nonlinear material instability. This is especially
relevant as results for the PLM solutions under consideration
here may also provide insight into the nonlinear polymer
rheology.'>>*72

Theoretical predictions for concentration coupling accom-
panying shear banding generally take one of three possible
forms (for a review, see ref 22). For rheological constitutive
equations where a decreasing stress is predicted for increasing
shear rates, a mechanical instability under shear flow can
manifest as shear banding.'*'>*® Steady shear banding can
occur without any concentration gradients; however, an
additional criterion is needed for selection of the stress in the
plateau region, such as afforded by stress diffusion.”” When
flow-induced concentration fluctuations®® are significant, flow
alignment of the microstructure leads to a lower viscosity and
enhanced diffusion of the PLM (or polymer) toward the less-
aligned, more viscous material.'” This shear extension and
disentanglement of polymers drive diffusion up concentration
gradients toward the concentrated, entangled region and lead to
coupling of concentration gradients with the mechanical
instability.”> Lastly, a shear-induced nematic transition
generates a low viscosity nematic phase in coexistence with a
high viscosity entangled, nearly isotropic fluid. This latter
mechanism leads to the opposite concentration gradient as for
the former case as the nematic phase is inherently more
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concentrated than the viscous, isotropic phase. " To

date, only the latter case of a concentration gradient toward the
high shear band has been definitively measured, and this was for
compositions in the close vicinity of an equilibrium isotropic—
nematic transition.> Here, in this work we investigate
concentration—flow coupling in a highly entangled, thread-
like micellar fluid system far from any equilibrium phase
transition using the novel USANS transmission measurements
with spatial resolution under steady shear flow.®

Berret and co-workers extensively studied the shear rheology
of the model PLM system under investigation here up to the
isotropic—nematic (I-N) transition."”*! A characteristic
plateau in the stress—shear rate curve was interpreted as a
first-order transition between a viscous isotropic phase in the
low shear band coexisting with a shear-induced nematic state.
With decreasing surfactant concentration, the plateau in the
stress was observed to be less pronounced, and the authors
suggested the transition becomes second-order. However, no
quantitative measurements of the microstructure or local
concentrations in the banding state were reported. Through
comparison to flow-SANS measurements on a related system
by Schmitt et al.** and work on other PLM solutions known to
undergo an I-N transition under flow,” they proposed shear
banding is due to the formation of a nematic phase. Indeed, for
more concentrated solutions than those studied here (mass
fraction 10%) NMR measurements have been interpreted to
show a nematic-like alignment in the high shear band.”® This
interpretation of shear banding driven by an I-N transition for
this system was critiqued by Hu and Lips,® who performed
detailed velocimetry and small-angle light scattering measure-
ments under flow. Working on a similar composition (mass
fraction 7.3% 2:1 ratio in 0.5 M NaCl, but in H,0) as studied
here, they concluded that the shear banding resulted from the
coexistence of entangled and disentangled regions of PLMs and
not the shear-induced nematic transition.*’

Here we resolve the discrepancy in the literature concerning
the mechanism of shear banding in viscoelastic, linear PLM
solutions by direct measurements of the microstructure and
concentration during shear flow for a well-characterized
solution comprised of (volume fraction 6.6%) solution of 2:1
molar cetylpyridinium chloride/sodium salicylate in 0.5 mol/L
NaCl in D,0.**** A typical Maxwellian linear viscoelastic
behavior is observed in Figure S1 (Supporting Information
(s0).* Figure 1 shows the nonlinear shear rheology for the
PLM solution measured in a standard Couette geometry
(ARES, TA Instruments), where a stress plateau is evident
across a broad range of applied shear rates. This is a signature of
shear banding and is verified by independent velocimetry
measurements.

Figure 1 shows representative small-angle neutron scattering
(SANS) measurements at selected spatial positions across the
velocity gradient direction and applied shear rates for the
velocity—velocity gradient (1—2) experimental geometry (I vs g
plots are in the SI).** The shear-induced anisotropy in the
scattering patterns is indicative of the significant flow alignment
of the PLMs, where stronger alignment is observed closer to
the inner rotating cylinder and lesser alignment near the other
stationary wall for nominal shear rates corresponding to the
stress plateau. These direct microstructural measurements
clearly show evidence of structural differences coexisting within
the flow field that indicates shear banding and can be further
quantified by an alignment factor, A, and ¢, is the principle axis
of the scattering relative to the flow direction, using standard
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Figure 1. Top: SANS patterns at representative gap positions and
nominal shear rates as indicated. Bottom: measured shear stress versus
nominal shear rate and the calculated shear stresses from analysis of
the SANS patterns, velocimetry measurements, and the stress-SANS
rule (see Supporting Information).

methods.>'"*” Figure 2 shows that A; and ¢, follow the trends
as observed visually in the SANS patterns, where the results are
now plotted against the local shear rates obtained from
velocimetry. The critical values for A¢;. (0.09) and ¢, (22.8°)

at the onset of shear banding as reported by Helgeson et al.® for
a system comprised of shorter, more rigid micelles are also
indicated in the figure and are in good agreement with those
reported here. Note that although flow alignment is observed,
which is in agreement with previous flow-NMR' and flow-
birefringence measurements® on related samples, the alignment
factor never exceeds ~0.4, which is significantly lower than that
expected and observed for a nematic phase.®

Figure 3 shows the measured transmissions (top) and the
calculated surfactant volume fractions (bottom) as a function of
spatial location across the velocity-gradient direction of shear
for the nominal shear rates indicated. To within measurement
accuracy, the transmissions are constant across the gap of the
Couette for all shear rates. The local surfactant concentrations
calculated from these transmissions are found to be constant to
within measurement accuracy across the gap for all applied
shear rates. The SNAFUSANS methodology and sources of
uncertainty are discussed further in the SI. As a check of
reproducibility, a scan was performed at rest after the highest
shear rate (open black symbols in Figure 3). Comparison with
the initial scan at rest (closed black symbols) provides a direct
measure of precision. Another measure of precision in volume
fraction, which is used to set the confidence interval (+0.013),
is the variation in repeated, independent transmission measure-
ments performed in 5 mm thick demountable SANS cells at
rest (see SI Figure S3). The transmissions for the final rest state
were used to determine the difference in concentration under
flow for each slit position. Further, as mass is conserved within
the cell, the variation of the average volume fraction from the
rest value can also be taken as a measure of accuracy, although
we are not able to sample directly adjacent to the cell walls.
Nonetheless, the largest deviation in average concentration is
~2% in volume fraction (Figure SS, SI), and this is for the
highest shear rate tested. The largest of these three values of
measurement precision is of the surfactant concentration, and
therefore, we conclude that no shear-induced concentration
changes are evident to within this level of precision. Thus, no
significant concentration gradient of surfactant is evident in the
shear-banded states for this PLM solution.

The new SNAFUSANS measurements show that no
significant concentration differences are created during shear
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Figure 2. (Left) Top: alignment factor. Bottom: orientation angle (principle axis of scattering) as a function of the relative gap position for the
nominal shear rates. (Right) Top: alignment factor. Bottom: orientation angle versus the local shear rate in the flow cell (inset shows the local shear

rates).
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Figure 3. (Top) transmission. (Bottom) surfactant volume fraction,
versus relative gap position for shear rates (s™') initial 0 (black H),
0.56 (dark green A), 2.2 (light green V), 22 (blue ®), 56 (red
diamond), final 0 (white (J). The confidence interval is indicated by a
shaded area around the initial quiescent volume fraction (¢(y = 0) =
0.066 + 0.013) and transmission (T(j = 0) = 0.062 + 0.026).

banding; this observation is in direct contrast to what would be
expected if a nematic state forms in the high shear band. Both
the absence of a measurable concentration enhancement and
the comparatively low segmental alignment in the high shear
band as compared to that for a nematic fluid support the
conjectures of Hu and Lips concerning the underlying
mechanism of shear banding in this highly entangled, thread-
like micellar solution:® that the steady-shear banded state is the
coexistence of a flow-aligned, low-viscosity (low entanglement
density) PLM in the high shear band with a highly entangled,
viscoelastic PLM in the low shear band. Recent spatiotemporal
resolved 1—2 flow-SANS measurements confirm the proposed
mechanism during startup of shear flow.>* Importantly, these
results clearly show that the alternative hypothesis,®® that
nucleation and growth of a nematic phase near the inner
rotating wall drives shear banding, is not observed for this
composition. This is not surprising given the relative distance in
composition space between the sample and the equilibrium I—-
N transition (mass fraction ~23%). Berret shows that the shear
banding rheology is more extreme for higher surfactant
concentrations, and further research along the lines developed
here is warranted to determine at what concentration the
proximity to the I-N transition plays a role in shear banding®"
and further instabilities.”®

As noted in previous® and recent work®* on this PLM, strong
flow, small-angle light scattering butterfly patterns are also
observed for this sample in the high shear band. These patterns
are a signature of longer length scale concentration
fluctuations®® characteristic of shear-induced demixing.m’z’9
The rheological consequences of these shear-induced concen-
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tration fluctuations are addressed by recent studies of the
transient shear-flow behaviors of this system.>*** Finally,
whether this coupling plays a role in settingg the intrinsic
material instability or whether micellar scission' is relevant is a
current topic of investigation that includes direct comparison of
these new, quantitative results for the microstructure and local
concentration with advanced constitutive models.
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