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Experiments: Different experiments were made as flow curves, rotating the internal or external cylinder
in a Couette geometry, small and large oscillatory shear tests, and linear shear banding observations, all of

xﬁ; :vn(;;fe micelles them to determine how elastic forces modify the rheological behavior in systems made of different ratios
Rheology of hexadecyltrimethylammonium bromide (CTAB)/sodium salicylate (NaSal) and different ratios of CTAB/
Micro-rheology NaNOs. Diffusive wave spectroscopy micro-rheology was also performed to measure the mean square
LAOS displacements of microspheres embedded in the micellar fluids to obtain their high-frequency viscoelas-
Viscoelastic spectra tic spectra. With this information, the entanglement index «, the ratio of the total contour of the micelles
Elastic forces to the entanglement length, was estimated and correlated with the rheological behavior.

Findings: The entanglement index is a valuable piece of information to understand the origin of the con-
tribution of the elastic forces from a molecular point of view on the fluid dynamics of wormlike micelle
solutions.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

A large number of solutions embedded with large semiflexible
cylindrical aggregates (Wormlike Micelles, WLMs) present a shear
stress that relaxes approximately as in the Maxwell model, G

* Corresponding author. . . .
(t) = Go exp (-t/tg) at long times, or equivalent, at low and interme-

E-mail address: rolandoc@fisica.unam.mx (R. Castillo).

https://doi.org/10.1016/j.jcis.2022.07.003
0021-9797/© 2022 Elsevier Inc. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2022.07.003&domain=pdf
https://doi.org/10.1016/j.jcis.2022.07.003
mailto:rolandoc@fisica.unam.mx
https://doi.org/10.1016/j.jcis.2022.07.003
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis

R.F. Lopez-Santiago, ]. Delgado and R. Castillo

diate frequencies, w, in its related complex modulus G*(w) = iwG
(w) =[G (w)+iG" (w)]; [1] several exceptions to that rule are well
known [2,3]. The elastic modulus, G,, and the relaxation time, Tg,
can be obtained from the linear viscoelastic spectrum from the
crossing between the G’ (w) and G” (w) curves [4]. According to
the reptation-reaction model, an average chain length dominates
relaxation if the micellar breaking and reformation processes are
faster than their reptation. Here, simple mono-exponential stress
relaxation is ensued, with a relaxation time equal to the geometric
mean of two characteristic times: The time for micellar breaking
and recombination, and the time for micellar reptation.

When WLM fluids are submitted to a steady flow, they can
show a transition between a homogeneous and nonhomogeneous
flow state where macroscopic bands coexist along the gradient
direction [5,6]. They arise at a not entirely flat plateau in the shear
stress (o) versus shear rate (}) flow curve [7]. Shear banding is a
consequence of a mechanical instability, where the multivalued
nonmonotonic constitutive curve presents dg/dy < 0, producing
two branches, separated by a plateau, one at low and another at
high shear rates. The mechanical stability requires fluid separation;
although shear stress is almost constant throughout the solution,
but the bands show different shear rates [5-7]. In many cases, band
volumes follow approximately an expression equivalent to the
lever rule [5]. Shear banding is similar to a nonequilibrium phase
coexistence between an isotropic and a strongly aligned phase
(paranematic), which has a lower viscosity than the quiescent
phase [5,8-10].

In a shear banding simple scenario, the fluid is just divided into
two macroscopic regions separated by a thin steady interface of
finite width [11,12]. At high shear rates, the paranematic phase
shows a strong birefringence related to micellar orientational
order, where neutron scattering has confirmed a nematic signature
of this phase [11,12]. The other region is made mainly of isotropic
fluid that flows at a low shear rate. The kinetics of banding-
structure formation and the spatiotemporal dynamics of the inter-
face between bands in the shear banding flow have been studied,
revealing the existence of a destabilization process that is not well
understood [13]. The picture of two stable shear bands separated
by a steady interface presents theoretical challenges [14,15]. Stud-
ies of linear stability of the shear banded planar Couette flow using
the Johnson-Segalman model fluid, for the case of no stress diffu-
sion, show that flow is unstable for almost all arrangements of
the two gradient shear bands for long waves [14]. For the case of
weak diffusion, a small stabilizing effect is present, although the
basic long-wave instability mechanism is not affected.

Viscoelastic properties of WLM solutions of CTAB (hexade-
cyltrimethylammonium bromide) in water with different propor-
tions of NaSal (sodium salicylate) have been studied for a long
time [16-20]. When increasing the shear rate, gradient shear band-
ing is observed, even without increasing the ionic force of the
media [21]. The larger the imposed shear rate at the plateau, the
larger the amount of highly birefringent fluid. When shear banding
is achieved, velocity profiles have confirmed the existence of two
bands with different shear rates in the semidilute regime (CTAB/
NaSal: 100/50 mM) [22,23]. Delgado et al. [24] compared the rheo-
logical behavior of two micellar solutions of CTAB/NaSal with R =2
and R = 4 (R = [NaSal]/[CTAB], [CTAB] = 100 mM) in the semidilute
regime under Couette flow moving the internal cylinder of the
geometry; the external cylinder is static. The authors obtained
velocity profiles employing a two-incident beam laser Doppler
technique, revealing that one of the micellar solutions (R = 2)
becomes heterogeneous a long time after flow inception, even at
very low imposed shear rates. These profiles do not correspond
to what is expected for gradient shear banding. At low shear rates,
7 < 0.45 s~ the fluid splits in one section close to the moving
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cylinder, where the local mean velocity depends linearly on the
gap position, and in a second section with significant velocity fluc-
tuations. The fluid essentially does not flow in a third section close
to the static cylinder; it behaves like a slipping block. The picture of
two stable shear bands separated by a thin steady interface does
not occur. Inhomogeneous flow could be observed, although it can-
not be classified as a simple scenario of shear banding. However,
the former slipping block flows at high imposed shear rates and
presents a linear profile. Aty > 0.45 s~!, velocity profiles are consis-
tent with gradient shear banding. On the contrary, for R = 4, the
flow never became heterogeneous even at high shear rates.
Another system that has been thoroughly studied is CTAB/NaNOs,
which presents shear banding depending on the NaNOs concentra-
tion at a constant temperature [25], and their bands follow a sim-
ple scenario in some circumstances, although it can present
secondary flows [26].

The viscoelastic spectrum given by Small-Amplitude Oscillatory
Shear (SAOS) has been extensively studied to quantify micellar sys-
tems’ viscoelastic properties. However, interesting nonlinear
effects occur if the strain amplitude is increased using a Large-
Amplitude Oscillatory Shear (LAOS) [27]. Since the stress response
of viscoelastic materials is typically independent of the shear direc-
tion, the shear stress waveform contains only odd higher harmonic
contributions. In the time-dependent strain-imposed oscillatory
protocol, the fluid sample is subject for times t > 0 to a strain of
the form 7(t) =y,sin wt, which corresponds to a strain rate
7(t) = (y,m) cos wt =, cos wt. After an initial transient (many
executed cycles), the system’s response is expected to attain a state
that is time-translationally invariant from cycle to cycle. An
appealing feature of LAOS in Maxwellian fluids is that the harsh-
ness of the flow’s time dependence, relative to the fluid’s intrinsic
relaxation timescale, tg, can be tuned by varying w in the applied
oscillation without sudden jumps in the strain input, as in step
experiments [28]. LAOS experiments can explore the full range
between steady-state and strongly time-dependent behaviors by
investigating the effect of two characteristic dynamic variables,
the Deborah number, De, and the Weissenberg number, Wi. The
former, De = 13 /T, is defined as the ratio of a characteristic relax-
ation time of a material tg and a characteristic time scale of obser-
vation of the deformation process, T, which is the inverse of
angular frequency T = 1/w, in oscillatory flow. The latter, Wi = 13
/T4, characterizes the ratio of elastic to viscous forces, i. e., the ratio
of 1z and a characteristic time of the deformation process T,. For
steady shear, Ty is the inverse of the instantaneous shear rate
Tq = 1/y, whereas for oscillatory shear, Ty = 1/, = 1/(w 7,) [27]. It
is generally expected to have a linear response when the applied
strain remains very small y, << 1, or when the ratio of elastic to vis-
cous forces is small, corresponding to Wi << 1. In the same way,
when the ratio of a characteristic relaxation time and the time
scale of observation of the deformation process is small, De << 1,
we expect a reconfiguration dynamics that keep pace with the
applied deformation. This will lead to a quasi-steady state response
in which the stress slowly sweeps up and down the steady-state
flow curve as the shear rate varies through a cycle. In contrast,
for De >> 1, the system’s relaxation dynamics cannot keep pace
with the applied deformation, and we expect an elastic-like
response. In addition, in LAOS, shear banding has been experimen-
tally observed [29]. Some models have been capable of predicting
shear banding in LAOS protocol, as those using the partially
extending convected (PEC) equation [30] or the VCM model
(Vasquez-Cook-McKinley) [31]. However, to study shear banding
theoretically in different experimental protocols, the model must
include nonhomogeneous flow, and a criterion for the onset of
shear banding. It is not enough to consider that the underlying con-
stitutive curve of stress as a function of strain rate is nonmonotonic
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[32]. The formation of shear bands in LAOS has been successfully
studied using the Rolie-Poly (RP) model for polymers and WLM
solutions [33]. Here, the authors adopted a single-mode approach,
taking into account just one reptation relaxation timescale and one
stretch relaxation timescale. Shear banding also appears when the
constitutive curve is monotonic. Chain breakage and recombina-
tion narrow the relaxation spectrum significantly such that the
single-mode approach adopted provides a complete picture of
the parameter space. Here, shear banding is significant, and the
mechanisms that trigger its onset were identified, focusing on
the physical understanding of the shapes of the curves of stress
versus strain or strain rate.

In simple fluids in steady shear flow (Newtonian fluids), flow
tends to become unstable and eventually turbulent because of
inertia when the Reynolds number, Re = 7,7, significantly increases.
Here, 7 is a characteristic deformation rate, and t; = pd?/yj is a char-
acteristic time of the fluid, the viscous diffusion time, where d is a
characteristic length in the velocity gradient direction, # is the vis-
cosity, and p is the mass density. In Taylor-Couette (TC) flow, Tay-
lor showed that the purely azimuthal base flow becomes unstable
when the Taylor number Ta; = A4"?Re exceeds some critical value,
Ta;. ~ 41, if only the inner cylinder of radius R; rotates with a small
gap, d, between the cylinders. Here, 4 = d/R; <<1 denotes the
dimensionless curvature of the streamlines. In contrast, in non-
Newtonian fluids, as in WLM fluids, the stress relaxation brings
up an additional time scale tg. Here, another route to instabilities
exists, which does not involve inertia and is referred to as purely
elastic. If Re << 1, the Wi number takes the role of the control
parameter that can lead to the emergence of secondary flows and
eventually to elastic turbulence [26]. Homogeneous flow becomes
unstable when Ta, = A"?Wi exceeds some critical value Ta,.. How-
ever, it is important to mention that the appropriate dimensionless
group for a purely elastic instability only comes from the high
shear rate band [26]. If both Re and Wi are large, flow instabilities
are referred to as inertio-elastic. In this case, a precise instability
scaling is lacking even for the TC geometry. It has been suggested
[25], by dimensional analysis, that the Taylor number should be
written as Ta = A'2f(Re, Wi) where f goes to Re when EI - 0, and
f goes to Wi when El— oo, where EI = Wi/Re = tg/ T, is the elasticity
number, which is the ratio of elastic forces to inertial forces within
a fluid [30,34].

Re and Wi numbers are rates between different forces involved
in the flow dynamics of a fluid. However, from a different perspec-
tive, they are not measuring directly any intrinsic property related
to the micelle network, which is responsible for the elastic forces in
the fluid when it is deformed during the flow. In the semidilute
region, micro-rheology using Diffusing Wave Spectroscopy (DWS)
has provided estimations for the relevant scales of the micellar net-
work, such as micellar total contour lengths, persistent lengths,
entanglement lengths, and mesh sizes [35-38]. If the flow process
is very slow, one could expect that the micellar network slowly dis-
entangles, contributing to some extent to the elastic forces
involved in the flow. However, if the micellar network is deformed
fast, not allowing enough time for the tubular micelles to disentan-
gle due to the speed of the imposed strain, the network’s contribu-
tion to the elastic forces involved in the flow would increase. One
quantity that somehow measures the relative entanglement of a
micellar network would be the ratio of the total contour length
of the micelles in the network to their entanglement length, which,
as mentioned, can now be experimentally estimated.

This paper aims to assess some rheological features, considering
the role of elastic forces in the flow dynamics in typical micellar
solutions that self-assemble in WLMs for understanding their rhe-
ological behavior better. To this end, we need WLM solutions
where relaxation times can be tuned through concentration or
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temperature changes to exhibit a wide range of behaviors that
can be described by shear flow curves, viscoelastic spectrum, and
shear banding patterns. Mixtures of CTAB with different salts give
an excellent choice to fulfill these requirements, such as CTAB/
NaSal and CTAB/NaNOs. Some of the questions to be addressed
here are: If elastic forces are significant, When are the thixotropic
flow curves reliable? Moreover, Does gradient shear banding fol-
low a simple scenario or a multiple banded one?; Is some underly-
ing reason that explains the different behavior of micellar solutions
of CTAB/NaSal with R = 2 and at R = 4, at different temperatures,
and those of CTAB/NaNOs, which presents shear banding depend-
ing on the CTAB concentration at a constant temperature?; In a
WLM solution, Is there a way to relate the mesoscopic length scales
of the micellar network related to the degree of entanglement to
the solutions’ elasticity number?

2. Experimental
2.1. Materials

Hexadecyltrimethylammonium  bromide (CetylTrimethyl-
Ammonium Bromide, CTAB, purity > 99%, Sigma-Aldrich), sodium
salicylate (NaSal, purity 99.5%, Sigma-Aldrich), sodium nitrate
(NaNOs, purity > 99%, Sigma-Aldrich). Reagents were used as
received. All samples were prepared with ultrapure deionized
water (Nanopure, USA).

2.2. Rheological measurements and observation of shear banding

Rheological measurements were performed with a MCR-702
TwinDrive rheometer (Anton Paar, Austria), in which two air-
bearing supported electrically commuted motors are sitting oppo-
site each other. Both motors are controlled by the same digital sig-
nal processor controller, allowing different testing modes. In the
separate-motor-transducer mode, both motors are employed,
although in a synchronized way. One motor is kept at a fixed posi-
tion and managed only as a torque transducer, while the other
motor exclusively functions as a drive unit.

An instrument with a transparent Couette cell geometry was
developed in our lab to observe the gradient shear banding in
micellar solutions with two concentric quartz cylinders (50 mm
height). The external cylinder (I. D. 80 mm/O. D. 85 mm) rotates
thanks to an electrically controlled motor, and the inner cylinder
(I. D 70 mm/0. D. 75 mm) is fixed and filled with water coming from
a thermal regulated circulatory bath for thermal control; a similar
design was presented previously in Ref. [39]. The gap between
cylinders is 2.5 mm wide. The fluid in the gap is visualized with
the aid of a CCD camera (Hamamatsu Vidicon, Japan) and a zoom
lens focused on a sheet of light in the gradient-vorticity plane
made with a Ne-He laser beam (Coherent Inc., USA) and a combi-
nation of spherical and cylindrical lenses.

2.3. Mesoscopic scales of the micellar network obtained by DWS
micro-rheology

The micellar network mesoscopic scales of interest in WLM
solutions that can determine their rheological behavior are the
micelles’ total contour length, L¢, both persistence, I,, and entangle-
ment, L., lengths, as well as the mesh size of the entangled micellar
network, ¢ Our group has developed a procedure for measuring
these mesoscopic scales by measuring the mean square displace-
ment of tracers dispersed in the WLM solution, using a quasi-
elastic multiple light scattering method (Diffusive Wave Spec-
troscopy, DWS), described in a review paper [38]. In this method,
negatively charged polystyrene microspheres (Diam. = 784 nm;
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Bangs Labs, USA), used as tracers, are dispersed in the WLM solu-
tions. The Mean Square Displacement (MSD) of these embedded
particles is measured with DWS and related to viscoelastic spec-
trum G*(w), from low to high frequencies, using a generalized
Stokes-Einstein equation [38,40]. In this way, DWS microrheology
reaches a bandwidth far beyond the conventional mechanical
rheometry, allowing us to observe more features in the spectra.
From G*(w), using approximate relations coming from theory, the
mesoscopic scales in the WLM solutions can be evaluated. Our
DWS setup is a homemade instrument described in Ref. [38]. It is
important to note that several small but significant changes have
been made to the original formulas developed to estimate these
characteristic lengths over the last decade. They were incorporated
into the formulas just to be mentioned.

The physical concepts for evaluating these scales are summa-
rized here: At time scales shorter than WLM breakage time corre-
sponding to high frequencies, the Maxwellian stress relaxation
processes are fundamentally frozen; WLMs behave like semiflexi-
ble polymer chains. Then, stress relaxes, first dominated by the
Rouse-Zimm modes and at higher frequencies by internal relax-
ation of Kuhn segments. G*(w) exhibits, at those frequencies, a
power-law behavior, |G*| ~ ", with the exponent v ~ 5/9 in the
Rouse-Zimm regime, which shifts to v ~ 3/4, where the internal
bending modes of Kuhn segments dominate. That change occurs
at a frequency w, (w, ~ I<BT/8nslp3; ns is the solvent viscosity)
[41] that corresponds to the shortest relaxation time in the
Rouse-Zimm spectrum. From @, coming from the slope change
in |G*(w)|, I, can be obtained, and the other characteristic lengths
can be evaluated. The WLM network mesh size can be obtained
in the loose entanglement regime with ¢ = (A kgT/G,)"®, where
the prefactor A = 9.75 is a recent correction [31]. In the same
way, [, can be calculated using I, = ¢&3[1,27 [42]. From G/ nin/G, =
(I/Lc)°8, the total contour length can be estimated by incorporat-
ing breathing and high-frequency Rouse modes. The exponent in
this equation is a correction given by Granek [43]. Here, G i, is
a local minimum of G’(w) after the first crossing between G'(w)

and G’(w). In summary, once G,, G',;m, and w, are experimentally
obtained, the characteristic lengths (l, I,, ¢ and L¢) can be
calculated.

3. Results and discussion
3.1. SAOS and flow Curves

Viscoelastic spectra using SAOS of micellar solutions were made
at low and intermediate frequencies, and the corresponding G, and
Tg parameters were determined (Fig. SM2). For CTAB/NaSal solu-
tions with R =2 and at R = 4, ([CTAB] = 0.1 M), measurements were
made at different temperatures (20 - 40 °C), and for CTAB/NaNO;
solutions at different surfactant concentrations at 30 °C (|[CTAB]
from 0.1 to 0.3 M, and [NaNOs] = 0.3 M). Although the elastic mod-
ulus does not change significantly for CTAB/NaSal solutions, it is
not the case for tg, which is quite different in both systems at tem-
peratures below 30 °C; above this temperature, the difference in tg
is not significant, as observed in Fig. 1. The inset of Fig. 1 presents
7 for the different micelle solutions of CTAB/NaNOs; in this case,
G, increases with surfactant concentration. Temperature or surfac-
tant concentration controls the rheological response through tz
and G,.

As we will see, the relaxation time differences will make the
micellar solutions of CTAB/NaSal with R = 2 and R = 4 behave quite
differently below 40 °C. In particular, at R = 2, this solution presents
gradient shear banding; this is not the case for R = 4 [24]. CTAB/
NaNOs; solutions present linear shear banding at concentrations
above 0.1 M in CTAB.[25].
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Fig. 1. TR vs. temperature for micellar solutions of CTAB/NaSal with R=2 and R = 4
([CTAB] = 0.1 M). Insert, tr vs. CTAB concentration micelle solutions of CTAB/NaNOs,
([NaNOs] = 0.3 M) at 30 °C. All data were determined from SAOS viscoelastic spectra.
In some cases, error bars are smaller than the symbols in the figures.

For the case of CTAB/NaSal with R = 2 and at R = 4, we developed
shear flow curves following a protocol for observing the conse-
quences of rheometric measurements performed faster than tp.
In logarithmic mode, our rheometer spends a time t™3Wing exe-
cuting a measurement depending on the shear rate, according to
the formula t™ewe — b . 7™ where b and m are constants deter-
mined by the experimenter, first selecting the number of required
points to be measured in a whole shear flow experiment, and then
selecting the shear rate and the time spent for the first measure-
ment, as well as, for the last one; details in Fig. SM1. We define
trel = gmeasuring/r . \which determines how long the measurement
time is relative to the relaxation time; it is like the inverse of the
Deborah number. In addition, we can rotate the internal or external
cylinder of the Couette geometry. We expect that they will give the
same result. Fig. 2 presents scaled flow curves, /G, vs. T, for thix-
otropic loops where the shear rate is first ramped up (up-shear
curve) to some maximum value, then ramped down (down-shear
curve) at different temperatures, T = 20, 25, and 30 °C. Measure-
ments were made, rotating the external or the internal cylinder
while maintaining the other cylinder static. In these flow curves,
the time used to measure each point of the flow curve is different.
When the symbols are open at t™ < 1, the measurements fluctuate
significantly, and the flow curves present hysteresis. When the
symbols are filled t'®' > 1, both fluctuations and hysteresis are
pretty low. We present the average of two or more measurements
in the mentioned figures. Flow curves are essentially the same
when t™ > 1, no matter what cylinder is moved, but when t™ < 1,
flow curves do not coincide. As temperature increases, Ty is pretty
small; therefore, it is not feasible to make rheological measure-
ments with the t™' < 1 condition, as it occurs at 35 °C (not shown).
Here, all curves behave the same way as in the long-time measure-
ments. As a corollary, thixotropic loops with low fluctuations and
small hysteresis are obtained when times larger than 7y are used
during each measured point. The up-shear and down-shear curves
coincide no matter what cylinder is rotating.

Fig. 3 presents scaled flow curves (a/G, vs. y Tr) for up-shear and
down-shear curves for CTAB/NaSal with R = 4, and in the inset for
CTAB/NaNOs; in all the cases, t™ > 1. The curves present neither
fluctuation nor hysteresis, and the up- and down-shear curves
are almost identical; they do not depend on the rotating cylinder.



R.F. Lopez-Santiago, ]. Delgado and R. Castillo

01.6E¢1_: L \ S— —— T —r—TTTrrrT
Q 112 : gzwn T= 20 OC
b N
1 2 4 o8 Down -
4 04 ...... '..nin-nnln

0.8-

o/G

-@-Up
—[J- Down
@ Up
0. Pown

10'-
YIR

Fig. 2. Flow curves for the CTAB/NaSal micellar solutions with R = 2 made in
Couette geometry at different temperatures where the inner or external cylinders
rotate while the other cylinder remains static. Up-shear curves (Up) are circles, and
down-shear (Down) curves are squares: inner rotating cylinder red symbols,
external rotating cylinder blue symbols. The time used to measure each point of the
flow curve is different: Full symbols correspond to measurements where t"' > 1. On
the contrary, empty symbols correspond to £ < 1. Insets: Same measurements as in
the main figure. Up-shear curves (Up) are circles, and down-shear (Down) curves
are squares. Inner rotating cylinder black symbols, external rotating cylinder green
symbols; for all the cases t" > 10.
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The same occurs for CTAB/NaSal with R = 4 as the temperature is
varied. Equivalent flow curves to those presented before for t™ < 1,
as mentioned above, are not feasible to obtain for these solutions
because the relaxation times are pretty low, as in the case of
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Fig. 3. Flow curves for the micellar solutions performed at t,; > 1: CTAB/NaSal
([CTAB] = 0.1), R = 4 Inset: CTAB/NaNO3 at 30 °C. All of them are made in a Couette
cell geometry. Up-shear curves (Up) are circles, and down-shear (Down) curves are
squares. In all curves, the internal cylinder is the rotating one.

CTAB/NaSal with R = 4 where 1 = 1.4, 0.59, and 0.28 s for 20, 25,
and 30 °C, respectively.

In summary, determining if a thixotropic loop is reliable or not
depends on the value t. for each point of the flow curve. For trel> 1,
the system has enough time to relax, i. e., micelles have enough
time to disentangle. Nevertheless, when t' < 1, there is not enough
time for the tubular micelles to disentangle due to the speed of the
imposed strain, and the micellar network is deformed, so the con-
tribution of elastic forces increases modifying the flow curves. The
more entangled the micellar network, the more significant time for
micellar disentanglement. We will go back to this issue below.
However, we can observe another feature in this case, when the
ratio of elastic to viscous forces is small, i. e., Wi < 1, we do not
observe differences in the flow curves for all the cases of the imple-
mented protocol. For Wi > 1, the elastic contribution to the
dynamic forces during the flow produces different flow curves, as
observed in Fig. 2.

3.2. Large amplitude oscillatory strain

LAOS strain-imposed protocol was performed on the WLM solu-
tions under study, which follow the Maxwell model at low and
intermediate frequencies when the applied strain is small y, << 1
(SAOS). The stress, o(t), in the Maxwell model for an oscillatory
shearing strain of amplitude y, = Wi,/De and angular frequency
o = De/tg can be written as a(t) = (Wi,/De)[G’sin(De/tg)t + G’cos
(De/r)t], where G’ = G,[Dée?/(1 + De?)] and G” = G,[De/(1 + Dé?)].
The loci of o(t) vs. y(t) for this model is an ellipsis given by ¢°-

— 2G'ay+(G? + G)y? = [G” Wi,/De]?, where the stress maximum
in a general linear viscoelastic material always occurs in the first
quadrant (all variables positive) of a ¢ vs. y graph (¢™* = y
[(G? + G)/G’]). The response of WLM solutions to oscillatory
shearing strain is probed by selecting y,, which in LAOS is not lim-
ited to small values, producing deviations from the linear behavior
(Maxwell model). For a fixed Wi, value, when De > 1, WLM solu-
tions can display a nonlinear elastic response at frequencies whose
periods are shorter than the time scale needed to form shear bands,
particularly when Wi,/De > 1. In general, when the ratio of relax-
ation time to the time scale of the deformation observation (De
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<< 1) is quite small, a reconfiguration dynamics that keeps pace
with the applied deformation is expected. This flow leads to a
quasi-steady state response, in which the stress slowly sweeps
up and down as the shear rate varies through a cycle. Time-
resolved small-angle neutron scattering t-SANS in a WLM solu-
tion,[29] similar to those studied here, have identified different fre-
quency regimes matching nearly perfectly the expectations of the
linear viscoelastic Maxwell model.

Selected results are illustrated in Figs. 4 - 6 using Pipkin dia-
grams for scaled 3D Lissajous-Bowditch curves (o/0, vs. /7, and
7/(v, ®)) and their projections (elastic representation: ¢/o, Vs.
/v, Or viscous representation: a/c, vs. y/(y, ®)) (original experi-
mental data in Fig SM3). In these diagrams, we vary De (=7rm)
and Wi, (=trewy, = De y,). Here, g, is the maximum shear stress
in an oscillation cycle used for scaling the shear stress. The flow

Journal of Colloid and Interface Science 626 (2022) 1015-1027

does not necessarily remain homogeneous, as observed in other
WLM systems depending on the involved Wi, and De numbers.
[29] In the mentioned figures, rows are arranged for different De
(=trw) values, i. e. varying the frequency of shear oscillation; then,
in a row, we present on the left results for De ~ 0.3, in the center for
De ~ 1, and on the right for De ~ 3. 1y is varied due to shifting the
surfactant concentration (Fig. 4) or temperature (Figs. 5 and 6). Top
rows correspond to large 7 values, which decrease downward. The
3D Lissajous-Bowditch curves and their projections are more or
less similar for each system going down along a specific column
because graphs are in scaled variables; we will go back to this issue
below. In contrast, more significant behavior changes are observed
in all the systems going from left to right along a row. Moving
rightward along a row in these figures, the system’s relaxation
dynamics cannot keep pace with the applied deformation. In these

De ~ 0.3

@ Wi,~0.19 o Wi;~095 @ Wi,~065 o

@ Wi,~0.28 Wi, ~ 1.41 @ Wi,~0.97
Wi, ~0.43 @ Wiz~2.10 Wi, ~1.44 o

o Wi,~0.64 Wi, ~ 3.13 ? Wi,~214 o

Wi, ~ 3.18 @ Wi,~195 o Wi,~9.55

Wi, ~ 4.73 o Wi,~2.90 Wi, ~ 14.20
Wi, ~ 7.04 Wi, ~4.30 @ Wi, ~21.11
Wi, ~ 10.46 @ Wi,~6.41 @ Wi,~31.40

Fig. 4. Normalized 3D Lissajous-Bowditch curves and their projections (elastic representation: /g, vs. }/y, or viscous representation: /g, vs. j/(y, w)) for CTAB/NaNO3
micellar solutions at different Wi, (=g y,) and De (=tgw). Surfactant concentration from the upper row to the lower one: [CTAB] = 0.3, 0.2, and 0.1 M, respectively;

[NaNOs] = 0.3 M, and T = 30 °C.
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@ Wiyj~019 o Wi,~095 | @ Wi,~065
® Wiy~0.28 Wi,~1.41 | @ Wi, ~097

Wi, ~043 o Wig~2.10 Wi, ~ 1.44
o Wijg~064 o Wi,~313 |o Wiy~214

3

2
2

Wi,~318 | @ Wip~195 o Wi,~9.55
Wi, ~473 | © Wig~290 = Wi,~14.20
Wi, ~ 7.04 Wi, ~4.30 @ Wiy ~21.11
Wi, ~10.46 | @ Wip~6.41 @ Wi~ 31.40

Fig. 5. Normalized 3D Lissajous-Bowditch curves and their projections (elastic representation: a/a, vs. y/y, or viscous representation: a/a, vs. J/(y, w)) for CTAB/NaSal
micellar solution for R = 4, at different Wi, (=tgew 7,) and De (=tgew). Temperature from the upper to the lower row T = 20, 25, and 30 °C, respectively; [CTAB] = 0.1 M.

graphs, the amplitude of shearing strain, y, = Wiy/De, varies,
depending on the case, from a little less than 1, up to y, ~ 10
(curves with a different color). Fig. 4 presents for CTAB/NaNO;
micellar solution, the 3D Lissajous-Bowditch curves, and their pro-
jections. As mentioned, this system presents shear banding in
steady shear for the concentration above 0.1 M in CTAB (systems
in the two upper rows of Fig. 4). For De ~ 0.3, for Wi,/De < 1, linear
viscoelasticity is observed since the shape of the o/, vs. y/y,
curves are ellipsoidal in the elastic representation; their maximum
stress is also in the first quadrant of this representation. On the
contrary, as Wi,/De > 1, the ellipsoidal shapes are lost, and the
stress maxima move to the second quadrant in the elastic repre-
sentation, i. e., their behavior is nonlinear. For De ~ 1, the behavior
is the same as for Wi,/De < 1, the o vs. y curves describe ellipses;
but when Wi,/De > 1, the curves show a behavior more nonlinear
than in the previous case, except for the case of the lower CTAB
concentration (lower row, [CTAB] = 0.1). Here, the system’s behav-
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ior seems viscoelastic since the ¢ vs. y curves describe elliptical
shapes in the elastic representation. For De ~ 3, the behavior is vis-
coelastic for most solutions. Although for the case of the solution
with the largest CTAB concentration, as the Wi,/De increases over
1, the o/0, vs. y/y, curves in the elastic representation become less
ellipsoidal, deviating from the Maxwell model to showing a more
clear nonlinear behavior. For the lower CTAB concentration case
([CTAB] = 0.1), the behavior of the ¢ vs. y curves corresponds to a
linear elastic response, as observed in the elastic (forming almost
a diagonal line) and viscous representations (forming almost a cir-
cle). The elastic contribution makes the fluid behavior more non-
linear as more CTAB is added to the solution, which is also the
direction of increase in .

From the mesoscopic point of view, as CTAB concentration
increases, the total WLM contour length increases, as well as the
degree of entanglement of the micellar network, as we will show
below. This is one of the underlying reasons for the increase of
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Fig. 6. Normalized 3D Lissajous-Bowditch curves and their projections (elastic representation: ¢/0, vs. y/y, or viscous representation: o/c, vs. y/(y, w)) for CTAB/NaSal
micellar solution for R = 2, at different Wi, (=trw 7,) and De (=tzw). Temperature from the upper to the lower row T = 20, 25, 30, and 35 °C, respectively; [CTAB] = 0.1 M.

an elastic contribution on the forces involved in the flow and the
nonlinear response. The behavior described for the CTAB/NaNO;
system is similar to that described by the Lissajous-Bowditch
curves in LAOStrain given by the nRP model with a nonmonotonic
constitutive curve given in Fig. 6 of Ref. [33] described in the intro-
duction (note that in that study, the units make 7z = 1).
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In Fig. 5, we present the 3D Lissajous-Bowditch curves and their
projections for CTAB/NaSal for R = 4. In this WLM solution, shear
banding in steady shear is never observed when the temperature
is varied [24]. Although the Lissajous-Bowditch curves and their
projections are not equal to the case of CTAB/NaNOs, they are rel-
atively similar. In all the cases with Wi,/De < 1, the system follows
a viscoelastic linear flow because the /0, vs. y/y, curves describe
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an ellipse, and the stress maxima are in the first quadrant in the
elastic representation. However, when Wi,/De > 1, WLM solutions
do not follow the ellipsoidal shape revealing a nonlinear behavior.
In De ~ 3, although the behavior is nonlinear, the elastic contribu-
tion seems to be more important than in De ~ 0.3, because, in the
o/o, Vvs. y/y, representation, the curves present relatively more
elongated diagonal shapes and relatively more circular shapes in
the a/o, vs./(y, w)) representation. This is particularly clear in
the direction where 7 decreases (higher temperatures) and entan-
glement decreases, as we will see below. In agreement with the
LAOStrain results given by the nRP model with a monotonic consti-
tutive curve [33], we expect that shear banding could appear dur-
ing the experimental development of the Lissajous-Bowditch
curves at some specific shear deformations.

In contrast with the cases presented in Figs. 4 and 5, Fig. 6
shows very different results for the CTAB/NaSal micellar solution
for R = 2. This system presents gradient shear banding under steady
flow, but as we reported before [24] and discussed below, the
bands do not show a simple scenario; several bands are observed.
In general, in all the cases of this micellar system with Wi,/De < 1,
a viscoelastic linear flow is observed because the ag/g, vs. /7,
curves describe elliptical shapes, and the stress maxima are in
the first quadrant in the elastic representation. For Wi,/De > 1, dif-
ferent behavior is followed going to the right in a row. At De ~ 0.3,
the response of WLM solutions to oscillatory shearing strain is
nonlinear and going downward in the figure (higher temperatures
and lower tR), there is a significant increase in the shear stress,
which are stress overshoots. As far as the De number increases,
these stress overshoots are not so prominent at particular tg; they
almost disappear at De ~ 3.

At De ~ 0.3, the ratio of relaxation time to the time scale of
deformation observation is relatively small, and we observe a
quasi-steady response that must be in some way similar to what
is observed in a steady flow, as described above. In the elastic or
viscous representations, we observe significant oscillations. We
suspect that the oscillations could be due to the formation of mul-
tiple bands when the system reaches that region of the cycle, as it
occurs during steady shear flow, as shown in the next section. As
far as De ~ 1 with Wi,/De > 1, the nonlinear behavior is substantial,
but there are no oscillations as in De ~ 0.3. However, at De ~ 3 with
Wi,/De > 1, the system behaves nonlinearly in the upper rows
(lower temperatures and larger tg), but the system becomes rela-
tively more viscoelastic in the lower ones. Here, tx is smaller, as
well as entanglement. We will discuss this issue below.

It is important to note the following fact after depicting the 3D
Lissajous-Bowditch curves and their projections for three different
WLM solutions, which due to the temperature or surfactant con-
centration, present different 7y values. Despite being scaled Pipkin
diagrams, several systems for the same De and Wi, numbers in a
column do not reflect a scaled invariance; some curves correspond-
ing to the same color are similar but quite different in other cases.
We suspect that is due to the degree of entanglement of the micel-
lar network, which is responsible for elastic forces and different for
each WLM solution, but not considered in the description yet. The
micellar network needs to be disengaged during the LAOS protocol.
In particular, at high frequencies, as in the case of De ~ 3 with Wi,/
De > 1, systems with large tz cannot be disentangled efficiently;
then, their degree of nonlinear behavior is relatively large. We will
go back to this issue below.

3.3. Observation of the gradient shear bands
The external cylinder is rotating in our setup, and the internal

one is fixed. It is well known that the inertial Taylor instability does
not occur when the outer cylinder is rotating, as in our case. In con-
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trast, instabilities do not depend on which cylinder is rotating in
the purely elastic analog [44]. At low dimensionless curvature of
the streamlines (A = d/R;), shear banding does not show secondary
flow instabilities [26]. In our case, A 0.066. Therefore, we
expected only to observe an instability because the WLM solutions
become inhomogeneous close to Wi ~ 1 and ¢/Gy ~ 1. Along the
flow curve plateau, where the fluid becomes inhomogeneous, scat-
tered light coming off a page of light in the gap of a Couette cell
geometry (gradient-vorticity plane) made of two transparent con-
centric quartz cylinders allows the observation of gradient shear
bands because of nematic phases scatter light much more than
an isotropic phase.

We developed thixotropic loops giving long or short deforma-
tion times to the fluid with respect to 7z (t™ > 1 or t™ < 1). Typical
images of what is observed in the gap in the gradient-vorticity
plane can be seen in Fig. 7a for WLM solutions of CTAB/NaSal for
R =2 and 25 °C. In all cases, a paranematic phase appears close
to the moving cylinder (external one) in the up-shear curve at Wi
~ 1. As the shear rate increases, more bands are formed. However,
there is no simple scenario with just one paranematic band close to
the moving cylinder. Although curves are relatively more stable for
t > 1, the paranematic phase is pretty dynamic, forming and
reforming themselves in different positions along the gap, wrig-
gling, and changing their shapes; After several experiments, there
is no significant difference if t™ is greater or lesser than one. The
scattered intensity is constant on the average along the gap at a
fixed shear rate; the average increases as the shear rate increases.
As the Wi number increases, bands are thicker, and most of the
time, there is not just one band. The contrast between isotropic
fluid and the paranematic fluid (dark and brighter regions) seems
higher after a long time. Although certainly, it is difficult to find
clear trends or differences. The conclusion is that the position
where bands are formed and their size are random. We consider
that there is much room for theoretical developments about these
instabilities.

Image processing provides spatiotemporal characteristics of the
observed bands during the shear banding. In the central part of the
gradient-vorticity plane, from video recordings of the bands, a light
intensity distribution I(x) from a horizontal line along the gradient
direction was sampled at regular time intervals to produce space-
temporal diagrams I(x,t) of the flow pattern. These space-time
plots are helpful for determining the onset and evolution of flow
transitions and instabilities. Fig. 7b presents an example of a
space-time plot for CTAB/NaSal WLM solutions for R = 2 and 25
°C, where some features are relatively straightforward. At trel > 1,
the contrast between paranematic bands and isotropic fluid is
lower, revealing fewer fluctuations and more stable bands,
although it is not common to observe just one band. At t" < 1,
there are also many bands, and light scattering is more intense in
the paranematic and isotropic fluids. We suspect that the flow is
less stable due to the fluctuation increase. Experiments with
CTAB/NaSal for R = 4 do not show shear bands, and CTAB/NaNO3
presents just one band close to the moving cylinder (simple sce-
nario) under similar conditions as in our experiments, see Ref. [26].

3.4. Mesoscopic parameters

The main mesoscopic scales that characterize the micellar solu-
tions’ micellar network are L, I, I, and ¢. Fig. SM4 is an example of
the results of our procedure, which is presented for a CTAB/NaNO3
solution (original experimental data in Fig. SM2). The inset of
Fig. SM4a presents the intensity correlation function of the scat-
tered light coming from a WLM solution with embedded micro-
spheres, and Fig SM4a presents the MSD of these particles
calculated from the intensity correlation function. Fig SM4b pre-
sents the calculated viscoelastic spectra G’ (w) and G“ (w) derived
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Fig. 7. Gradient shear banding in CTAB/NaSal WLM solutions for R = 2 and 25 °C as
observed in the gap with a page of light in the gradient-vorticity plane (the color is
artificial); r; and r, inner and outer radius of the gap, respectively. a) and b) Flow
curves o vs. for thixotropic loops. Up-shear curves (Up) are circles, and down-shear
(Down) curves are squares. Full symbols correspond to measurements where t"' > 1,
and empty symbols correspond to t™ < 1. The images are observations approxi-
mately where the arrows are pointing out. c) Space-time plot grayscale images:
Horizontal light intensity on a line of pixels along the gradient direction (vertical)
vs. time (horizontal) for CTAB/NaSal WLM solutions, for R = 2 during thixotropic
loops. Bright regions correspond to the paranematic fluid. They correspond to the
images in (a) and (b) at some particular time. The external cylinder is rotating
(bottom of the space-time graphs), and the inner cylinder is fixed (top of the space-
time graphs).

from the best fit of the MSD data using the Bellour method [33-36],
which goes from low to high frequencies, and the inset of Fig. SM4b
presents the change of the power-law exponent of |G*| at high fre-

quencies, from v ~ 5/9 to v ~ 3/4. Once G,, G...., and ), are deter-
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mined, the characteristic lengths can be evaluated [35-38]. The
results for different surfactant concentrations and temperatures
of the solutions on discussion here are in Table 1. These quantities
change when the amount of surfactant, the ratio of salicylate to
surfactant, temperature, or ionic strength of the media vary.
Details about interpretation and analysis of the results have been
done elsewhere [35-38].

3.5. Dimensionless elasticity number and mesoscopic entanglement
index

In WLM solutions, the Wi number takes the role of a control
parameter in steady shear flow, which compares elastic to viscous
forces in the fluid, as shown in the scaled curves (a/G, vs. yTg)
shown above. When Wi < 1, the fluid’s elastic to viscous forces ratio
is small. Apparently, the micellar network is under a slowly disen-
tangling viscous flow since the deformation rate is slow. When
Wi ~ 1, there is a regime change from linear to nonlinear, as dis-
played below a scaled critical temperature in a master dynamic
phase diagram, where an isotropic and a paranematic phase coex-
ist [45]. Here, the fluid shear thins, and the /G, vs. y tg curve pre-
sents a stress plateau. As Wi grows up above 1, elastic forces in the
fluid are more significant than the viscous forces since viscosity
decreases as ) increases along the coexistence region. Fig. 8a pre-
sents El (=Wi/Re) vs. Wi for the micellar solutions studied here (de-
tails to make these curves in Fig. SM5). At Wi < 1, inertial forces are
negligible compared to those related to elastic deformations suf-
fered by the micellar network. Here, El is relatively constant and
can reach several orders of magnitude depending on the system.
When Wi ~ 1, El starts to decay linearly following the instanta-
neous viscosity as observed when Wi > 1, and El can decrease more
than one order of magnitude in some systems (CTAB/NaSal),
although their El values can be still pretty significant. We can also
observe that the larger El, the lower temperature in the CTAB/NaSal
systems, and in CTAB/NaNOs, the larger the surfactant concentra-
tion, the larger EI That trend is similar to that followed by 1 given
for all systems in Fig. 1. The isotropic-paranematic transition is
observed in CTAB/NaSal solutions with R = 2 at very high EI values.
The CTAB/NaSal solutions with R = 4 also have high El values; how-
ever, they are not as high as with R = 2, but do not present that
phase transition. For the case of CTAB/NaNOs, where EI values
are orders of magnitudes below those of the CTAB/NaSal systems,
shear banding transition is present just for the larger values of elas-
ticity. Nevertheless, it does not appear for the lowest El value. More
cases need to be studied to determine if there is a tendency to find
shear banding when EI grows.

The Re and Wi numbers are ratios between different forces
involved in the fluid flow, which also depend on the flow condi-
tions. However, they are not measuring directly any intrinsic prop-
erty related to the elasticity of the micelle network that is
perturbed when the fluid slowly flows. This is particularly obvious
when Wi < 1, where inertial forces are negligible, due to the low
speed of the fluid flow, with respect to those related to elastic
deformations suffered by the micellar network, which is slowly
disentangling during that deformation. Here, the mesoscopic scales
Lc and [, could be of help. We can evaluate the number of entangle-
ments that an average micelle has close to equilibrium by measur-
ing the mesoscopic scales of a micellar network as presented
above. It would be pretty reasonable that as there are more entan-
glements per micelle, the micelle network could react more elasti-
cally to any slow deformation while trying to disentangle.
Therefore, we define an entanglement index, x = L./l,, for WLM
solutions. Our group has used this ratio to explain the viscosity
dependence on temperature in some micellar solutions because
entanglement decreases on increasing temperature, which also



R.F. Lopez-Santiago, ]. Delgado and R. Castillo

Journal of Colloid and Interface Science 626 (2022) 1015-1027

Table 1
The mesoscopic scales that characterize the micellar solutions’ micellar network.
&(nm) I,(nm) le(nm) Lc(nm) Kk =Lc/le
[CTAB]  NaNOs;/CTAB, [NaNOs] = 0.3 M, and 30 °C
01M 119.1 35.7 265.8 1974.4 7.4
02 M 89.7 27.9 195.6 1745.2 8.9
03 M 85.0 227 204.7 2159.3 10.5
T (°C) NaSal/CTAB, [CTAB] = 0.1 M, and R = 4
20 95.5 248 234.4 4611.2 19.7
25 100.4 214 281.3 3018.1 10.7
30 109.9 15.3 409.3 3845.4 9.4
T (°C) NaSal/CTAB, [CTAB] = 0.1 M, and R = 2
20 104.7 17.0 352.5 124163 352
25 1025 20.1 303.8 8271.7 272
30 104.0 225 288.1 3921.6 13.6
35 1023 36.2 204.6 1967.2 9.6
1 07 regimes could be related to a contribution change between inertial
= i T ai and elastic forces to EI. More theoretical development is needed to
106_; | 1 understand this feature. The large values in k are the underlying
3 3 reason for observing in some WLM solutions so large values of El
1 05.i .! at small values of Wi; this is the case of CTAB/NaSal solutions with
a significant x value, in contrast with those of CTAB/NaNO3; where
1 041 1 K is much lower.
3 Flow curves are essentially the same in thixotropic loops when
1071 o Rea 20°c LumHTT 3 £ > 1, as discussed above, no matter what protocol or cylinder of
>0 R=4 25°C 2um I 3 the Couette geometry is rotating. Although the micellar network is
107+ g Ef‘z‘» 38 g 1 under strain by the flow, there is enough time for a slowly disen-
136 R-2 254 ] tangling. Nevertheless, when ™ < 1, flow curves do not coincide
10 Yo R=230°C 1 and present large fluctuations because there is no time for the
0da f[:‘,%A;?=C(:] 317 3006 ] micellar network to be disentangled, so the response to the strain
10 Y2 +[cTABI=02M, 30°C 3 of the micelle network in the fluid is quite elastic and nonlinear.
1 0_1 J4 +[CTAB]=0.1M,30°C 3 Thixotropic loops that present multiple bands correspond to micel-
B Talet. 5 Sy P Y. W Sty T T, O, i P T AT R, 1 lar solutions with a significant degree of entanglement, k, as is the
10°10° 10" 10" 10" 10" 10" 10 W1 0 case for CTAB/NaSal with R = 2. However, CTAB/NaSal with R = 4
! does not show shear bands, where « is lower than for R = 2. In con-
rast, for aNOs solutions, k is relatively low, and when they
trast, for CTAB/NaNOj3 solut latively 1 d when th
—10° ' ' ' ' ' ~ D present banding, it is just one band close to the moving cylinder
w (simple scenario). It is unclear why CTAB/NaSal with R = 4 does
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Fig. 8. a) El (=Wi/Re) vs. Wi (=) tg) for the micellar solutions of CTAB/NaSal
([CTAB] = 0.1 M), for R = 2 and R = 4, at different temperatures, and of CTAB/NaNO+
([CTAB] from 0.1 to 0.3 M, and [NaNOs] = 0.3 M), at 30 °C. b) El vs. x for the WLM
solutions, where El is calculated along the vertical red line showed in (a), for a
Couette cell with d = 2.5 mm, R; = 37.5 mm, A = 0.066.

explains why the elasticity number measured in Couette flow
decreases as the temperature increases [37,38]. Other authors have
started using the parameter Go /G" i, close to our definition, to
measure entanglement [46]. In Fig. 8b, we observe that when
increases, EI also increases nonlinearly; a big shoulder appears at
K ~ 10, apparently separating two regimes. It is unclear if these
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not present shear banding with such a high entanglement. We
are probably extrapolating too much the concept of k, which was
measured in equilibrium, and another component related to the
dynamics of the shear banding formation plays an important role.

As mentioned above, in the Lissajous-Bowditch curves, in a
specific column, tg, is different going downwards. Pipkin diagrams
in scaled variables for the same De and Wi, numbers do not reflect
scaled invariance. Just curves corresponding to the same color
where Wi, < 1 are almost superimposable. However, when y, = Wi,/
De increases, the micellar network is highly deformed, which is
harsher in LAOS at high frequencies because micelles do not have
enough time to disentangle at the speed of the imposed strain.
Then, the larger x, the more nonlinear behavior will be expected.
However, in LAOS experiments, we cannot evaluate k along the
deformation steps in the experiment in the present state of our
knowledge because these experiments are developed far from
equilibrium as w increases. The index « is obtained in equilibrium
conditions. It cannot be used as Wi or Wi, notoriously increase
because the micellar network is disentangling, and micelles start
to align due to the flow. In such a case, the equilibrium x index
no longer represents the entanglement. Developments for evaluat-
ing mesoscopic quantities in nonequilibrium conditions, experi-
ments, or theory would be welcome to understand better how
the rheological response is related to changes in mesoscopic scales
in dynamic environments, like those observed during shear band-
ing in LAOS cycles [29] or in shear thickening [48]. However, k can
give us a clue of what is happening in the system by extrapolating
what is occurring at low values of Wi.
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As mentioned above, we suspected that the degree of entangle-
ment of the micellar network, which is responsible for elastic
forces, must be substantial. This seems to be correct from the data
in Table 1. For the CTAB/NaNOs solutions, as the CTAB concentra-
tion increases, the micellar length, L, does not vary so much,
although it increases at the higher concentration. However, [,
slightly decreases as the CTAB concentration increases; therefore,
the degree of entanglement, «, increases. In the CTAB/NaSal solu-
tions with R = 4, [, decreases as temperature drops; Lc first
decreases with temperature but increases at 25 °C. Hence, the
degree of entanglement given by k increases as temperature
decreases. Finally, in the case of CTAB/NaSal with R = 2 solutions,
Lc notoriously increases when the temperature decreases and I,
also increases, but at a slow pace. Therefore, the entanglement
notoriously increases. The micellar network can be slowly disen-
gaged during the LAOS protocol at not-so-large 7, and low frequen-
cies, but not at high frequencies (De ~ 3 with Wi,/De > 1). Finally, it
is essential to mention three points: Micellar solutions with large x
cannot be efficiently disentangled; their degree of nonlinear elastic
behavior is relatively large. Second, the physicochemical parameters
of micellar solutions determine the mesoscopic scales; apparently,
the other mentioned mesoscopic scales also change, but they do
not have a clear impact on the rheological behavior as x = L/l.. Third,
the exact disentanglement mechanism is unknown, and most likely
several mechanisms are occurring at the same time: Micelles could
slide or reptate to leave the entanglement through viscous flow,
break and reform, or through the transient character of cross-links,
where when a micellar thread collides or contact an entanglement,
it forms a transient cross-link that recombines on the other side of
the encountered topological constraint (ghostlike crossing).

4. Conclusions

In this study, we did different experiments (flow curves, small
and large oscillatory shear tests, linear shear banding observations)
to determine how elastic forces modify the rheological behavior of
Maxwellian fluids due to the contribution of elastic forces to the
flow. Also, we made diffusive wave spectroscopy micro-rheology
to obtain the mesoscopic length scales of the entangled micellar
network in WLM solutions, which are determined by the solutions’
physicochemical parameters (concentration of surfactants, hydro-
tropic salts, temperature, the ionic force of the media, etc.). Our
approach to understanding the origin of how the elastic forces
affect the rheological behavior of micellar fluids is not through
proposing a model and solving it for different experimental proto-
cols, as mainly made for LAOS experiments in Refs. [31] and [32].
Our approach was to find a property that somehow measures
entangling in the mesoscopic micellar network, giving rise to elas-
tic forces opposing to the fluid deformation during flow. This prop-
erty is the entanglement index, x, which allows us to understand
the consequences of the entanglement in the experiments we per-
formed, explaining why different micellar systems are ordered in
the way shown in the diagram EI vs. Wi of Fig. 8a in terms of the
characteristic length scales of the supramolecular structures,
which self-assembles in the fluid. Mesoscopic simulation methods
for predicting the rheology of WLMs [31,47] need to be done in the
future to confirm the correlation between EI and k, as observed in
Fig. 8b, and to determine if the apparent two regimes observed in
that figure have some physical insight.
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