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ABSTRACT

The linear and nonlinear rheological behaviors of semidilute aqueous solutions of the amphiphile triblock
polymer Pluronics P103 in water are reported here. For Cg,r < 20 wt%, micelles are spherical at temper-
atures lower than ca. 27 °C and grow with increasing temperature to form long polymer-like micelles.
These polymer-like micelles exhibit strong viscoelasticity and a shear-banding region that shrinks as
the cloud point is approached. Master time-temperature-concentration curves were obtained for the
dynamic moduli using traditional shifting factors. In the nonlinear regime, P103 polymer-like micellar
solutions follow the master dynamic phase diagram proposed by Berret and colleagues, in which the flow
curves overlap in the low-shear-rate homogeneous flow region. Within the nonhomogeneous flow region
(confirmed by flow birefringence and small-angle light-scattering measurements), oscillations and over-
shoots are detected at the inception of shear flow, and two main relaxation mechanisms are apparent
after cessation of steady shear flow. Evidence for nonequilibrium critical behavior is presented, in which
the order parameter is the difference of critical shear rates that limit the span of the plateau stress. Most
of the steady-state and transient features of the nonlinear rheology of the P103 polymer-like micelles are
reproduced with the Bautista-Manero-Puig (BMP) model, including the predictions of nonequilibrium
critical behavior under flow.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Pluronics are amphiphilic triblock copolymers denoted by
(PEO),(PPO),(PEO),, where n and m represent the number of
hydrophilic poly(ethylene oxide) (PEO) and hydrophobic poly(pro-
pylene oxide) (PPO) units, respectively. These nonionic surface-ac-
tive polymers have been attracting attention for their potential use
as controlled drug-delivery agents [1-3].

Due to their amphiphilic character, Pluronics are capable of
forming micelles in water [1-3]. At low Pluronic concentrations,
spherical micelles grow progressively to form polymer-like mi-
celles (or worm micelles) as the temperature is increased. This
transition was reported in aqueous solutions of Pluronic P85 [4-
7] and P84 [8-12]. This micellar growth is characterized by a dras-
tic viscosity increase of about five orders of magnitude [9,12].
Likewise, when the length of the polymer-like micelles and the
entanglement number density augment on increasing tempera-
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ture, the oscillatory shear storage modulus G’ increases rapidly,
attaining a gel-like behavior [13-17]. Shear-banding flow has been
observed by small-angle X-ray scattering (SAXS) and rheometry in
micellar cubic crystals of the F68/water system [18,19] and by
small-angle light-scattering (SALS) and rheological measurements
in dilute aqueous solutions of the copolymer P84 [12]. The shear-
banding flow observed in triblock copolymer solutions has features
similar to those in polymer-like micellar solutions of ionic surfac-
tants [20-23].

Alvarez-Ramirez and co-workers studied the phase behavior of
the P103/water system using density and ultrasound velocity mea-
surements, DSC, light scattering, and rheology [24]. They reported
that the critical micellar temperature (CMT) decreases as concen-
tration increases. Above the CMT and for temperatures up to
40 °C and concentrations up to ca. 22 wt%, a clear micellar (L)
phase is formed. In this concentration range the cloud point tem-
perature (CPT) is detected at ca. 41 °C.

Here, the linear and nonlinear rheological behaviors of semidi-
lute aqueous micellar solutions of P103 are investigated as func-
tions of temperature and concentration. In the linear regime, the
dynamic moduli do not follow Maxwell behavior with a single
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relaxation time but time-temperature-concentration master
curves can be obtained using classical shifting factors. In the non-
linear regime, a stress plateau is observed between two critical
shear rates in a narrow temperature range. Data allow examinaton
of the critical behavior under flow, in which a critical point, a crit-
ical isotherm, and spinodal and coexistence lines are determined.
The steady-state and transient nonlinear viscoelastic responses in
the phase diagram region where polymer-like micelles form are
compared with the predictions of the BMP model [25-27]. This
model is unique since it predicts quantitatively the steady and
transient nonlinear rheology of complex fluids that break and re-
form under flow such as worm-like micellar solutions and slurries
[25-31]. Moreover, it predicts the long transients and times to
achieve steady state in the nonhomogeneous state. The shear-
banding flow is analyzed here by birefringence and SALS measure-
ments under shear flow and rheometry. More importantly and
even though shear-banding flow has been observed in other Plur-
onics/water systems [12,18,19], this is the first time that experi-
mental data and model predictions of shear banding presented
here are associated with a nonequilibrium phase transition and
they reveal the existence of an out-of-equilibrium critical point.

2. Modeling

The model employed here consists of the upper-convected
Maxwell constitutive equation coupled to a kinetic equation that
accounts for the breaking and reformation of micelles [25,26,32].
Since this model is able to reproduce the master dynamic phase
diagram proposed by Berret et al. [33], the dimensionless shear
stress (012 = 012/Gp) and shear rate (5112 = Tg)12) are employed
here, where G is the plateau shear storage modulus and 1y is the
main relaxation time, determined from the inverse of the crossover
frequency of the storage and loss moduli in linear oscillatory mea-
surements. However, as detailed below, Gy was estimated (since it
was not observed) as the ratio of 1o and 1k, where 1 is the zero-
shear-rate viscosity. For simple-shear flow and after neglecting
normal stress differences since normal stresses are not examined
here, the dimensionless model reduces to the following system of
ordinary differential equations:

_ 1 do 1-

012 +5%:6%2 (1)
dp (1-¢) 5 e =

90 P ko1 4 5712)(9 ~ D022 @)

Here t = t/7z is the dimensionless time, ¢ = J1,/G1, is the dimen-
sionless fluidity or inverse of the dimensionless shear viscosity 7.
The dimensionless model constants are defined as ko = Goko,
Te = Te/TR, U = V/TRPw = GoTrP,, = ¢,/ Py, Where ¢o and ¢, are
the fluidity at zero and infinite shear rate, respectively, 7. is a struc-
ture reformation time, kg is a kinetic constant for structure break-
down, and v is the shear-banding intensity parameter.

For steady simple-shear flow, Egs. (1) and (2) with their time
derivatives set to zero give

P> — @ —koTe(P — )75, (1 + 0J12) = 0. (3)

The model requires six parameters to predict experimental
data, ¢g, ¢, Go, ko, Te, and v, although at steady state the dimen-
sionless model requires only three of them. All of them, except v,
can be estimated from independent rheological experiments as de-
scribed elsewhere [25]. The shear-banding intensity parameter v is
uniquely determined from the value of the stress at the plateau re-
gion, which can be estimated from the minima in the dissipated or
extended Gibbs free energy (¢) of the two stable branches as deter-
mined by an extended irreversible thermodynamics (EIT) analysis

[26,32]. It can be shown, following Bautista et al. [26,32], that for
polymer-like micelles under shear flow and after neglecting nor-
mal stresses, the dissipated energy is given by

1% =
dy = 0120712, 4
(ﬁz%) 28 @

where v is the specific volume. Substitution of the steady-state ver-
sion of Eq. (1) in Eq. (4) and integration give

v '5}12 -
fd'))lz, (5)
TrPo / ®
where ¢ is the solution of Eq. (3).

Inasmuch as the working equations are written in terms of the
dimensionless shear stress and shear rate, subscripts in these two
variables will be dropped in the rest of the paper for simplicity.

AG =

3. Experimental

Pluronic P103 [(EO),7(PO)so(EO);7], from BASF, was used as re-
ceived. Water was drawn from a Millipore purification system.
Samples were prepared by weighing appropriate amounts of
P103 and water in 30-mL vials. The vials were placed in a water
bath at 30 °C for a week, where they were frequently shaken to
speed up homogenization. Then samples were allowed to reach
equilibrium at the measurement temperature. All samples were
centrifuged to remove suspended air bubbles before being tested.
To avoid light degradation of the samples, the vials were covered
with aluminum foil.

Steady, unsteady, and oscillatory simple-shear experiments
were performed in a TA Instruments Ares-22 rheometer with
cone-and-plate geometry of 0.1 rad and 50 mm in diameter. Fre-
quency sweeps were made at oscillatory strain deformations with-
in the linear viscoelastic region, which is defined as that where the
storage (G') and the loss (G”) moduli are strain independent. An
environmental control unit was placed around the cone-and-plate
fixture to prevent water evaporation. Temperature was controlled
within 0.1 °C during measurements.

SALS measurements under shear flow were performed at 36 °C
in a home-made device with parallel-plate geometry (Fig. 1). The
laser test facility used for the experiment was developed and built
as described elsewhere [34]. It consists of a 2 mW laser beam (He-
Ne) with a wavelength 4= 632.8 nm and a Fresnel lens acting as
scattering screen. The detector is a video camera with a CCD
752*582 pixel sensor. Image processing analysis was performed
with a video system and specific software. The scattering patterns
were recorded by the camera and video system throughout the
test. The modulus of the scattering vector is given by g=[(4nn//)
sin(0/2)], where n is the refractive index of the suspending
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Fig. 1. Schematics of home-built device for SALS measurements under shear.
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medium, 4 the wavelength of the radiation, and 0 the scattering an-
gle. The light-scattering measurements cover a g-range from
2x10°to4 x 1074 A, A parallel-plate cell was built to observe
the structure during flow [35,36]. The sample, which has a fixed
thickness (eg) of 0.3 mm, is sheared between two parallel quartz
disks, one of which rotates at an angular rotation speed w around
the x-axis. The light beam is directed along the x-direction, parallel
to the axis of rotation and perpendicular to the disks lying in the y-
z plane at a point along the horizontal z-axis, located at a distance
R. from the axis of rotation. The local tangential velocity V= — vy is
collinear to the y-axis (see Fig. 1). The detector records the inten-
sity of light scattered by the sample in the y-z plane (velocity-vor-
ticity plane). Consequently, the plane of observation corresponds
to the y-z plane. The shear plane is parallel to the x-y plane (gra-
dient-velocity plane) and the local shear rate at a given distance R,
is J = Rcaw/eo. The cell is airtight, which prevented water evapora-
tion of the samples. To control the sample temperature, the shear
cell is positioned in a box with an air control temperature setup
conducted by a PID system. The temperature of the sample is mea-
sured with a K-thermocouple positioned in the stainless-steel
blade, which maintains the quartz glass disks in contact with the
sample. All measurements were done at 36(+0.5) °C. Some mea-
surements were performed on a TA Instruments ARES-22 rheome-
ter with exactly the same quartz glass parallel-plates geometry
used for the light-scattering measurements to assess that no wall
slip occurs. The level of stress is in good agreement with that mea-
sured using the other steel tools.

4. Results

Fig. 2 depicts the zero-shear-rate viscosity (7o) as a function of
temperature for a 20 wt% P103 solution. For temperatures between
18 and 25 °C, nq is ca. 200 times the water viscosity and fairly inde-
pendent of temperature. At about 26-27 °C, 1 begins to rise sig-
naling the critical entanglement concentration (c*) and continues
to increase rapidly up to ca. 30 °C, due to micellar growth. At even
higher temperatures, 7o keeps increasing but with a shallower
slope up to the cloud point [24]. Note that 7o increases more than
three orders of magnitude in the temperature interval examined;
concurrently, the solution becomes highly viscoelastic (see below).
Interestingly, it takes very long times and oscillations to reach the
steady-state 1o value in the concentration range where the P103
micelles begin to grow (inset in Fig. 2). Below 26 °C, where micellar
growth has not occurred yet, and above 37 °C, where polymer-like

7]0 (Pa.s)

Time (s)

1 0-2 1 1 1 1 1
20 25 30 35 40 45

T (C)

Fig. 2. Zero-shear-rate viscosity (7o) as a function of temperature for a 20 wt% P103
solution. Inset: stress growth for a 20 wt% P103 aqueous solution.

micelles already exists, steady state is reached rapidly without
oscillations.

Fig. 3 shows frequency sweeps as a function of temperature
made on a 20 wt% P103 sample. At low temperatures (T < 33 °C),
where smaller polymer-like micelles form [24], the linear visco-
elastic behavior (square and circles in figure) can be reproduced
with the generalized Maxwell model with three relaxation times.
In this low-temperature range, the crossover frequency occurs at
> 100 s, With increasing temperature, the crossover frequency
shifts to lower values because of the growth of the polymer-like
micelles and the increasing number density of entanglements
and five relaxation times are required to describe the linear visco-
elastic behavior. At even higher temperatures, near the CPT, gel-
like behavior is observed, i.e., G’ > G” in the whole frequency range
examined. This behavior is opposite to that observed in polymer-
like micellar solutions formed by ionic surfactants.

Fig. 4 shows the variation of G’ and G” versus frequency, mea-
sured at 36 °C, for various P103 concentrations. A strong depen-
dence of the linear viscoelastic properties on concentration is
evident. All the samples, except for the 25 wt% sample, exhibit a
crossover of G’ and G” at a characteristic frequency (w.) in the
examined frequency range; the reciprocal of this crossover fre-
quency corresponds to the main relaxation (or disentanglement)
time of the system tg. The crossover frequency w, shifts to lower
values with increasing concentration (and with increasing temper-
ature as shown in Fig. 3). Note that for concentrations higher than
20 wt% the chains are highly entangled, and hence a predominant
elastic behavior is observed. It is important to remark that from ca.
15 to 23 wt% and temperatures between 30 and ca. 37 °C, P103
forms polymer-like micelles that break and reform like low molec-
ular weight surfactant micelles. These systems exhibit a complex
rheological behavior, which is controlled by either of two relaxa-
tion mechanisms, mainly, a kinetic-controlled or a diffusion-con-
trolled relaxation mechanism [37]. The ratio of the breaking time
to the reptation time ({ = Tgreak/Trep) CONtrols the relaxation of the
system: for very small values of {, a single relaxation time domi-
nates and near-Maxwell behavior follows whereas for larger values
of ¢, a spectra of relaxation times and deviations from Maxwell
behavior are observed, similar to polymer solutions with wide
molecular weight distributions [37]. Here, Maxwell behavior is
not observed in the whole concentration and temperature ranges
where P103 form polymer-like micelles, which is evident from re-
sults depicted in Figs. 3 and 4 and from the early departures from

10-1 | PR | TS | TR | M
10" 10’ 10' 10’
@ ")

Fig. 3. Storage G' (open symbols) and loss G” (closed symbols) moduli versus
frequency for a 20 wt% P103 aqueous solution measured at different temperatures
(°C): (O) 305 (o) 32; (A) 34; (V) 36; (&) 38; and (<) 40.
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Fig. 4. Storage G' (open symbols) and loss G” (closed symbols) moduli versus
frequency measured at 36 °C for various P103 aqueous solutions (wt%): (0) 15; ()
20; (a) 22.5; (o) 25.

the osculating semicircle in Cole-Cole plots (not shown), indicating
that the relaxation is diffusion controlled. Waton et al. [12] ob-
served similar linear rheological behavior in P84 polymer-like mi-
celles, indicating that these systems are not in the so-called fast-
breaking regime.

Fig. 5 depicts time-temperature-concentration master plots of
G’ and G” for P103 concentrations of 15, 17.5, and 20 wt% within
a temperature range of 33 to 36 °C, which correspond to the region
where polymer-like micelles form. Classical shifting factors were
employed where the reference temperature was taken as 33 °C
[38]. Data for the storage modulus (Fig. 5A) overlap in the whole
concentration and temperature range examined. The loss modulus
data also overlap at low frequencies, but they depart at higher re-
duced frequencies (Fig. 5B). These departures, which have also
been reported in cationic surfactant worm-like micelles [20-23],
are related to the breaking time of the micelles and to the onset
of incidence of Rouse and breathing modes [39]. Note that as tem-
perature is increased, the reduced separation frequency (m'tg)
shifts to higher values; this behavior is the opposite of that ob-
served in polymer-like micellar solutions of ionic surfactants
[21,23]. Again, this is a consequence of the growth of the P103 mi-
celles with temperature. The solid lines represent the fit of the gen-
eralized Maxwell model using five modes, the values of which are
disclosed in Table 1.

Fig. 6 depicts steady shear master diagrams proposed by Berret
et al. [33] for 15, 17.5, and 20 wt% P103 samples from 30 to 36 °C,
which correspond to the temperature and concentration ranges
where flexible polymer-like micelles form. At j <0.5, the behavior
is Newtonian and all the data nearly collapse in a single line. For
polymer-like micellar solutions of ionic surfactants, this region ex-
tends up to 7 =1 [21,23]. For § > 0.5, where shear thinning ap-
pears, the data spread and the slopes of the flow curves diminish
with increasing temperature in the intermediate shear-rate range,
and they are almost flat for the highest temperatures examined.
This quasi-stress plateau occurs at ¢ = 1.6, which is higher than
the value (6 = 0.67) predicted by the Cates model for micellar sys-
tems [37].The presence of a stress plateau in micellar solutions and
other complex fluids has been associated with the development of
shear-banding flow between two critical shear rates (“)T)d and )T)Cz),
which determine the onset and the end of the stress plateau
[21,23]. For j > 7, the system exhibits a second Newtonian zone.
The predictions of Eq. (3), shown as solid lines in Fig. 6, follow the

QJQ Y wt. % P103
e i ;& o
N s T,°C 15 175 20
O 10° k & 3B O O Y E
: / ¥ O < O
3 A D>+
3% v O X
10‘l ot | | | | I
10° 10' 10’ 10’ 10* 10°
T,

Fig. 5. Time-temperature-concentration superposition master curves for (A) G’ and
(B) G”. The solid lines are the best fits to the multimodel Maxwell model with five
modes.

Table 1
Discrete viscoelastic spectrum obtained from the oscillatory measurements and the
best fit with the generalized Maxwell model with 5 modes [37].

Go(i(Pa) Joi)(S)
314 0.0000168
13.9 0.0003
114 0.0032
39 0.023
0.3 0.15

10

Fig. 6. Dimensionless shear stress versus dimensionless shear rate as a function of
temperature and P103 concentration (wt%). Solid lines are the predictions of the
BMP model with Eq. (3).
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Table 2

Parameters of the BMP model obtained from independent rheological measurements.

T (°C) Y1 Je2 @o (Pas)™! P (Pas)! kt; (s Pa)™' v Go (Pa) 7, (s) 7(s)
30 - - 28.98 56.82 5 0.0001 2.33 - 0.011
32 - - 3.83 27.29 2x1074 0.00015 19.43 0.05 0.006
33 - - 1.43 21.33 21x104 0.00017 12.21 0.058 0.008
34 6.1 55 0.035 22.69 4x10 0.008 16.1 1.788 0.034
35 14 146 0.0331 35.1 44 x 1074 0.0097 8.22 4.055 1.082
36 1.7 357 0.0172 36.7 5x10°4 0.011 7.13 7.02 3.81
38 - - 0.0089 49.65 19x1073 - - - -

experimental data quite well in the whole temperature and con-
centration ranges examined. The values of the parameters of the
model are reported in Table 2.

Fig. 7 shows the constitutive curves for various values of the
dimensionless shear-banding intensity parameter (Fig. 7A) and
plots of the dissipated energy as functions of the dimensionless
shear rate (Fig. 7B) for temperatures lower than (but near) the
thermodynamic cloud point. Experimental data show clearly the
transition from a discontinuous flow curve with a plateau into a
monotonically increasing flow curve as temperature is increased
(Fig. 7A). The curve corresponding to values such that b becomes
nearly zero corresponds to the critical isotherm (or close to it since
it is very difficult to find numerically a critical point, even an equi-
librium one using a cubic equation of state). The constitutive curve
depicts a region of negative slope bounded by the spinodal line
(see Fig. 7A). The nonequilibrium dissipation energy (Fig. 7B)
exhibits two minima of equal depth that become shallower as
U — U, i.e., as the plateau region disappears. Moreover, the minima
in the dissipation equilibrium coincide with the critical shear rates,
71 and J,, that bound the plateau stress region. As the stress pla-
teau region shrinks, the dissipation energy minima become nearly
flat as the nonequilibrium critical point is approached (Fig. 7B).
This quite flat % versus 7 curve implies that small energy fluctua-
tions may produce strong shear-rate variations similar to density
fluctuations around an equilibrium critical point. Moreover, for
v > 0, along the negative slope (see Fig. 7A), the system is unstable.
As pointed out elsewhere [32], the system recovers stability by
developing shear bands, the states of which correspond to various

A

10' b E

o 10° F

10" F

Fig. 7. Dimensionless shear stress (A) and dissipated energy (B) versus dimension-
less shear rate for 20 wt. % P103 aqueous solutions at different temperatures (°C):
(O) 34; (») 35; (V) 36; (o) 37. The solid lines are the predictions of the BMP model
with Egs. (3) (Fig. 7A) and (5) (Fig. 7B).

shear bands that have a dissipation energy curve with two minima
of equal depth, which causes the coexistence of two bands sup-
porting different shear rates, as shown in Fig. 7.

In time-dependent experiments, long transients and oscillations
typically accompany shear-banding flow [20,40,41]. Fig. 8 depicts
the stress growth after inception of shear flow for the 20 wt% sam-
ple at 36 °C measured at different applied shear rates. At shear
rates within the low-shear-rate Newtonian region detected in stea-
dy shear measurements, the stress growth is monotonic and
reaches its steady value within a few relaxation times of the sam-
ple. At shear rates prior to those where shear-banding flow devel-
ops, overshoots are observed. When experiments are performed in
the shear-banded flow region, i.e., within j and 7}, oscillations
arise that last very long times. These transients and oscillations
in the shear stress have been associated with the kinetics of nucle-
ation and growth of a second phase, similar to phenomena re-
ported in equilibrium first-order phase transitions [33]. For shear
rates larger than “T/cz, where only the shear-induced phase exists,
the oscillations disappear and the steady stress is again reached
very rapidly. The predictions of Eqs. (1) and (2) of the BMP model
using the experimental values of Gy and t; obtained from linear
oscillatory measurements reproduce the experimental data quite
well in the low- and high-shear-rate Newtonian regions; however,
in the shear-banding region, the predictions are only qualitative
and hence, predictions are not displayed in this figure. The model
does not predict oscillations but it predicts the shift of the first
overshoot to shorter times as the applied shear rate is increased
[20]. On the other hand, the stretched exponential form suggested
by Berret et al. [42] fits the data well (predictions not shown).

A distinctive feature of shear banding is the development of two
main relaxation times after cessation of steady shear flow when
the applied shear rate is between j; and j.,, due to the formation

§ T T T
2
10 ¢ E
EX ]
% ]
%
10' e
--------- 2000500500088 aR8 0680 6 g
~
~ oo™
o 10" | 10° i
[ < 10 -
S
[s g ]
1 b
10 10" E
"
[ Woo 02 04 05 08 10 ]
t(s)
10'2 1 R 1 1 R
0 10 20 30

Fig. 8. Stress growth versus dimensionless time for a 20 wt% P103 aqueous solution
at different applied shear rates (s~'): (00) 0.03; (x) 0.1; (&) 1.0; (a) 10; (#) 500.
Inset: stress growth at short times for a 20 wt% P103 aqueous solution at different
applied shear rates.
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of a second phase; for shear rates smaller than y;or larger than 7,
the relaxation is single exponential [28]. Fig. 9 depicts the normal-
ized stress relaxation (o/oss, being ass the steady shear stress prior
to cessation of flow) versus the dimensionless time after cessation
of steady shear flow as a function of the applied dimensionless
shear rate for the 20 wt% P103 solution. For shear rates lower than
)T’m. i.e., within the low-shear-rate Newtonian region (shear rate
indicated by A in inset), the relaxation is single exponential (curve
A). When the shear rate is within the shear-banding region (indi-
cated by B-E in inset), two main relaxation times are discernible
(curves B-E) with a transition region between them. Note that
the relaxation is single exponential in the homogeneous low-
shear-rate Newtonian region (i.e., for } < “}ﬂ) where only one
structure exists, and it is multiexponential with two main relaxa-
tion times in the heterogeneous shear-banding flow region. Unfor-
tunately, data could not be taken at shear rates where the second
homogeneous flow branch appears, ie., for y > j,. However,
experimental data reported elsewhere for a cationic micellar solu-
tion [28] reveal that a single exponential with a slope similar to the
fast relaxation in the shear-banding region is recovered when
the high-shear Newtonian branch is attained. The similarities of
the relaxation slope when jjapp,ied < “T/a with the slow mechanism
and of the relaxation slope when w}upplied > 7. with the fast relaxa-
tion mechanism suggest that the fast relaxation corresponds to the
structure at the high-shear-rate branch and that the slow one cor-
responds to the structure of the low-shear-rate branch. Note that
the slopes of the slow and the fast mechanisms increase as the ap-
plied shear rate is increased within the shear-banding region. We
proposed that this is the effect of the disappearance of the lubricat-
ing band. For this situation, the BMP model gives

0 = Gy exp P(erfe(q’oss—l)(l 764))], (6)
which has two limits. For short times, Eq. (6) reduces to

0 = 05 eXp [~ Psst], (7)
and for long times, Eq. (6) yields

0 = 05 exp[—(f + Te(Pss — 1))]. (8)

These equations indicate that a short times, curves with differ-
ent slopes for each steady state determined by @ are predicted,
whereas at long times, these curves should be nearly parallel

10’

.
5._

=
-
[
w

Fig. 9. Normalized stress relaxation after cessation of steady shear flow for a
20 wt% P103 aqueous solution measured at 36 °C and different dimensionless shear
rates: (A) 0.415; (B) 4.152; (C) 41.52; (D) 124.56; (E) 415.2. Inset: Dimensionless
flow curve for a 20 wt% P103 aqueous solution measured at 36 °C.

(i.e., they present similar slopes) with intercept (at t = 0) depending
on the steady-state fluidity. In fact, the predictions of the BMP
model, shown in Fig. 9 as solid lines, reproduce the experimental
data quite well in the single exponential as well as in the multiex-
ponential relaxation regions with nearly parallel decays at long
times.

Because the flow curve evolves from being monotonic
(T<34°C) to nonmonotonic at intermediate temperatures and
then monotonic again at higher temperatures (T > 37 °C) (see
Fig. 7), stress relaxation measurements were performed in the
20 wt% P103 solution as a function of temperature at a fixed ap-
plied nondimensional shear rate (7 = 10) (Fig. 10); this dimension-
less shear rate was chosen because it is within the shear-banding
region at the intermediate temperatures and in the homogeneous
flow regions at low and high temperatures (see inset A in
Fig. 10). Note that as temperature increases, the relaxation evolves
from a single decay to a multiexponential decay with two domi-
nant modes at short and long times, and again to a single exponen-
tial decay at higher temperatures (see inset B in Fig. 10). It is
noteworthy that: (1) the relaxation is single exponential when
the applied shear rate corresponds to the homogeneous region
and multiexponential when the applied shear rate falls within
the stress plateau region, (2) the slopes of the single relaxation
modes at low and high temperatures are similar to those of the
low and fast relaxation modes at intermediate temperatures, (3)
the slopes at short times differ whereas the slopes at long times
are nearly parallel, and (4) in the dimensionless form, all curves
within the shear-banding region nearly collapse at long times (cf.
curve b-e with same curves in inset B). This suggest the existence
of two structures in the stress plateau region: one which is akin to
the low-temperature solution, and another which resembles more
the rheological response of the higher temperature solution that is
closer to the phase boundary. The predictions of the BMP model,
shown in Fig. 10 as solid lines, follow again the experimental data
remarkably well at all temperatures reported in this figure.

In order to assure that two structures supporting different shear
rates coexists in P103 solutions, rheo-optics and SALS measure-
ments under flow were performed. Fig. 11 shows the shear stress
versus shear-rate plot and birefringence measurements (An')

10° 107 10" 10° 10" 10% 10" 10*

b

40 50 60 70

-

Fig. 10. Normalized stress relaxation after cessation of steady shear flow for a
20 wt% P103 aqueous solution measured at a dimensionless shear rate of 10 and at
different temperatures (°C): (a) 32; (b) 33; (c) 34; (d) 35; (e) 38.The solid lines are
the predictions of the BMP model. Insets: (A) Dimensionless flow curves for a
20 wt% P103 aqueous solution measured at different temperatures. (B) Normalized
stress relaxation after cessation of steady shear flow for a 20 wt% P103 aqueous
solution measured at different temperatures.
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performed at different shear rates (insets) for a 20 wt% P103 aque-
ous solution at 36 °C. At low-shear-rates, where the behavior is
Newtonian, An’ shows oscillations with small amplitudes and fre-
quencies (7 =0.17). Near j.,, the magnitudes of the oscillations
augment (7 = 0.42). In the plateau zone where shear banding ap-
pears, both the frequency and the amplitude of the birefringence
increase and become more erratic as the shear rate increases (in-
sets at =17, 125, and 415). At very high-shear-rates within the
second Newtonian zone, An’ presents oscillations with amplitudes
similar to those exhibited in the first Newtonian zone (cf. insets at
0.17 and 2076). The increment of the amplitude of the oscillations
indicates that the refraction-index changes are due to the forma-
tion of a second phase induced by shear [43].

Fig. 12 shows the steady stress versus shear-rate plot and typi-
cal SALS patterns obtained at different levels of shear rate (insets)
for a 20 wt% P103 aqueous solution at 36 °C. All SALS patterns were
obtained in the velocity-vorticity plane (y, z). Results indicate that
the system exhibits three flow regimes. In the quiescent state and
in the first Newtonian zone ( < j.; ~ 4.5), the bright ring indi-
cates that the system structure is isotropic. When the shear rate
reaches the first critical value, ., the flow of the solution becomes
mechanically unstable [33,44-46]. As a result the solution evolves
up to a stationary state where bands of a highly sheared liquid of
low viscosity coexist with a more viscous part supporting a low-
shear-rate (velocity-velocity gradient plane). In the velocity-vor-
ticity plane, a streaked light-scattering pattern appears perpendic-
ular to the vorticity direction and an anisotropic pattern develops
parallel to the vorticity direction. When the shear rate increases,
the light-scattering streak parallel to the velocity direction dimin-
ishes to be completely suppressed when 7 reaches the second
critical shear rate, j.,. The streaked light-scattering pattern
perpendicular to the vorticity direction can be interpreted as
shear-induced concentration fluctuations enhanced in the vorticity
direction [47], where the density or center of mass of the fluctua-
tions in the flow direction is decoupled from those in the vorticity
direction. An evidence is found in the oscillations in
An/(= (ny — n)), where the flow birefringence becomes more erra-
tic with small amplitude peaks (inset c in Fig. 12). For j = 606 571,
an iso-intensity light-scattering pattern appears, and only a streak
perpendicular to the flow is observed. Even though a more detailed
analysis of the light-scattering patterns is needed, the intensity of
the oscillations suggests a structure length scale in the real space
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Fig. 11. Dimensionless steady shear flow curve for a 20 wt% P103 aqueous solution

at 36 °C. The insets are the flow birefringence (An’) versus time at different
dimensionless shear rates.
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Fig. 12. Dimensionless steady shear flow curve for a 20 wt% P103 aqueous solution
at 36 °C. The insets are the SALS patterns obtained at selected dimensionless shear
rates.

on the order of micrometers. A detailed analysis will be reported
in a forthcoming publication. In the P84 system, Waton et al.
[12] using SALS under flow examined the stress plateau region in
a narrow temperature and concentration range. Several authors
have reported similar streak-like patterns in sheared polymer solu-
tions [48] and blends [49-51], and they have attributed them to
the presence of string-like morphology aligned along the flow
direction. From 7 =14 to 347, light-scattering patterns show
strong relative intensities at very small wave vectors, suggesting
that in real space, large structures oriented in the flow direction ex-
ist. In the second Newtonian region, the light-scattering patterns
exhibit an oval halo and a finer streaked ascribed to instabilities
arising due to the viscoelasticity of the solutions.

5. Concluding remarks

The rheological properties of the semidilute P103 micellar solu-
tions are highly dependent on temperature, since the shear viscos-
ity and the storage modulus increase nearly three orders of
magnitude with increasing temperature (Fig. 2). These changes
are related to the spherical-to-worm-like micellar transition, in
which the length of the micelles and the entanglement number
density augment with increasing temperature. The storage modu-
lus (G') data collapse in a double time-temperature-concentration
master curve in the whole concentration and temperature range
examined (Fig. 5A). The loss modulus (G”) data also overlap at
low frequencies, but they depart at higher reduced frequencies
on the order of the inverse of the breaking micellar time and be-
cause of the occurrence of Rouse and breathing modes (Fig. 5B)
[39].

Curves of the dimensionless stress ¢ plotted as a function of the
dimensionless shear-rate } overlap for different concentrations and
temperatures up to the onset of the nonlinear behavior (Fig. 6). For
samples with concentrations from 15 and to 20 wt%, the stress ver-
sus shear-rate curves display a stress plateau in a narrow temper-
ature range similar to that observed in polymer-like micellar
solutions of ionic surfactants. Furthermore, overshoots and oscilla-
tions that last several scores of relaxation times are detected on
inception of shear flow when the applied shear rate is within the
two critical shear rates that bound the stress plateau region
(Fig. 8); stress relaxation data depict a single relaxation
mechanism in the homogeneous Newtonian regions at low and
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high-shear-rates, and two main relaxation times in the stress
plateau region (Figs. 9 and 10). Birefringence (Fig. 11) and SALS
(Fig. 12) measurements under flow indicate that two phases coex-
ists for shear rates in the plateau stress region.

Experimental and theoretical evidence of nonequilibrium criti-
cal behavior is presented, in which the order parameter is the dif-
ference of the critical shear rates that limit the span of the plateau
stress. In particular, an extended irreversible thermodynamics
analysis indicates that the dissipation energy versus shear-rate
curve exhibits two minima that coincide with the critical shear
rates, which approaches each other and become shallower as the
stress plateau region shrinks (Fig. 7). In the neighborhood of the
disappearance of the stress plateau region, the dissipation energy
curve becomes flat, similar to the free energy curve as an equilib-
rium critical point is approached.

It is important to remark that in polymer-like micellar solutions
of ionic surfactants, shear-banding flow is typically observed when
the system is in the fast-breaking regime, that is, when the relax-
ation is controlled by the kinetics of breaking and recombination
of the micelles [23,28]. P103 worm-like micelles do not follow
Maxwell behavior, which is evident from results depicted in Figs.
3 and 4 and from the departures from the osculating semicircle
in Cole-Cole plots (not shown), indicating that the relaxation is dif-
fusion controlled (i.e., Tgep is similar or larger than Tgreq); never-
theless, P103 solutions exhibit shear-banding flow in a narrow
temperature-and-concentration range. The comparison of the lin-
ear (Fig. 5) and nonlinear (Fig. 6) rheological behaviors, on the
other hand, indicates a strong relationship between the departures
from the correlation in the G” data (Fig. 5b) with the extent of the
plateau region (Fig. 6). The departures at high frequencies in the
loss modulus (Fig. 5B) are related to departures from the osculating
semicircle in Cole-Cole plots (G” versus G') that governs the tran-
sition from fast breaking to slow breaking regimes. In the fast-
breaking regime (Maxwell-like behavior), linear viscoelastic data
describe a semicircle and the nonlinear counterpart describes a
wide stress plateau. The departures from the correlation in
Fig. 5B occur at higher frequencies on increasing temperature
and concentration, and these correspond to a more extended pla-
teau region as depicted in Fig. 6. Likewise, for lower temperatures
and smaller concentrations, the departure from the correlation in
Fig. 5B occurs at lower frequencies and the nonlinear behavior in
Fig. 6 is close to that of a Newtonian fluid, with no plateau. In fact,
in polymer-like micellar solutions, the plateau stress becomes
smaller as the phase boundary is approached [21,23,28,38]. Under
these circumstances, the transition from a fast- to a slow-breaking
mechanism should be rather abrupt, just like in the system exam-
ined here. Incidentally, Waton et al. [12] reported that worm-like
micellar solutions of P84 follow a similar linear and nonlinear rhe-
ological behavior that the system examined here, i.e., strong devi-
ations from Maxwell behavior in the linear regime and shear-
banding flow in the nonlinear regime.

The BMP model predicts steady state and most of the features of
the transient nonlinear rheology in systems where kinetic pro-
cesses of breakage and reformation occur simultaneously to
flow-induced microstructural changes. In particular, the model
reproduces quite well steady flow and relaxation after cessation
of flow and the occurrence of a nonequilibrium critical point.
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