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Study Nonlinear Flow Behavior of Entangled Wormlike Micellar
Solution: From Wall Slip, Bulk Disentanglement to Chain Scission

Pouyan E. Boukany and Shi-Qing Wang*
Department of Polymer Science, Waisity of Akron, Akron, Ohio 44325
Receied Naember 13, 2007; Résed Manuscript Receéd December 2, 2007

ABSTRACT: In this work, we have investigated nonlinear flow behavior of an entangled living polymer solution
made of wormlike micelles of cetyltrimethylammonium bromide (CTAB) and sodium salicylate (NaSal), using

a combination of rheometric, particle tracking velocimetric (PTV), and flow birefringence (FB) techniques. The
responses of the entangled micellar solution to various modes of shear including startup, creep, large-amplitude
oscillatory shear (LAOS), and step shear are analyzed with PTV and FB. Apart from the usual nonlinear behavior
analogous to that observed in entangled polymer solutions, i.e., shear inhomogeneity in the form of either interfacial
slip or nonlinear velocity profile in the bulk that is plausibly due to deformation-induced chain disentanglement,
the entangled micellar solution shows a sign of molecular rupture (i.e., chain scission) when it is subjected to a
high rate of shear beyond a critical strain level of 4.0. LAOS at amplitude of 6.0 produces a similar rupture in
the sample interior. On the other hand, creep flow can avoid such rupture, allow development of less sharp
boundaries among the different layers of varying local shear rates, and still reach high apparent rates. Finally,
application of FB observations not only confirms the PTV measurements of shear inhomogeneity but also reveals
structural nonuniformity in the flow vorticity plane both during a startup shear and in relaxation after a large
step shear.

I. Introduction of shear stress vs imposed average rate is very small and thus

Self-assembly of surfactants into chainlike micéllpsesents could be taken as stress plateau like, previous experimental
y e studies typically found the flow curve to be monotonic for

an interesting case where the “polymerization” is reversible in entangled polymer solutiori44 This experimental situation

aqueous solutions. At appropriate concentrations in the presence enerated an impressirthat shear banding would not exist
of salt, wormlike micelles can grow into such long linear chains g P 9

. . 7 in entangled polymer solutions and deterred people for at least

B oo e oo o Gecade o proing velocty profles n e shea-hnig
entanglement network and sh0\’/v viscoelastic behavior resem-| 9" e of entangled polymer so!utlons. It is against this
bling that of entangled polymer solutiohsSuch wormlike background that recently revealed m_h_omogeneous shear under
micellar solutions have stimulated considerable experimental such commonly (_encounter_ed conditions such startup shear
and theoretical interests as they are known to be almostand‘6'47_large-amplltude _oscnlator_y sh(_ear (LAO@)‘%amt_a as

) ; . . ) a surprise. Particle-tracking velocimetric (PTV) observafitfis
Maxwell-like with a single relaxation tim&® display a stress

lateau regime. and show nonlinear respoigdsust bevond of macroscopic recoil-like motions after a step strain were even
P cgime, - . Pe i y .. more startling and have led to a new set of theoretical
the terminal flow regime. Their low elastic modulus made it

: i . consideration§?
experimentally straightforward to explore nonlinear flow be- Are entanaled solutions made of wormlike micelles reall
havior without ambiguity. 9 y

. . . the same as polymer solutions as far as their responses to various
Assuming that entangled wormlike micelles would behave ghearing conditions are concerned? In our view, an alternative

like entangled polymer chains, Cates and co-workers extéhded nicroscopic mechanism for shear banding in micellar solutions
an earlier theoretical analy3is! to conclude that the stress may be plausible due to the character that the “polymer chains”
plateau character and shear banding are synonymous. For a long o living, i.e., the wormlike micelles break and re-form
time, micellar solutions had been regarded as the only polymer- ¢onstantly in solution. Because of this possibility, we did not
like system to possess cqnvincing strgss plat€édinese earlier previously think that shear banding in wormlike micellar
experimental and theoretical works evidently encouraged efforts g tions necessarily implies occurrence of inhomogeneous shear
to look for shear banding in such wormlike entangled micellar j, entangled polymer solutions. This partially explains the 10-
solutions. After initial flow birefringence and small-angle year gap between the first report of shear banding in entangled
scattering measuremerits;** velocity profiles were reported  nicejiar solution® and that in entangled polymer solutioffs.

on the basis of NMR imag_in94t20 reveal inhomogeneous shear In the present study, we employ both particle tracking
in these self-assembled fluié&.*? These successes are remark- velocimetry (PTV) and flow birefringence (FB) visualization

able, in contrast to.the. more difficult attempt to sgarch for stress along with conventional rheometric measurements to explore
plateau like behaymr n gntangled polymer §0Iutlons. Although nonlinear responses of an entangled wormlike micellar solution
beyond the terminal regime there is a region where the sIopebased on cetyltrimethylammonium bromide (CTAB) and sodium
salicylate (NaSal) under various flow conditions ranging from

* Corresponding author. E-mail: swang@uakron.edu. startup shear, creep, LAOS to step strain. Several findings are
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Figure 1. Depiction of the particle tracking velocimetric (PTV) and flow birefringence (FB) setups in-golaée and parallel plate geometrie§ (
Y, Z axis is along flow, velocity gradient, and vorticity direction, respectively). (a) PTV setup in-qaage geometry (25 mm,°$where a laser

sheet illuminates the sample thickness and velocity profile is captured

by a CCD camera. (b) FB setup along the velocity giiesliion. The

incident white light passed through the crossed polariz45° and analyzer-45° to flow direction. (c) FB setup along the vorticig direction,

where a retardation plate is placed between polarizer4i and analyzer-45° to flow direction.

new. (i) PTV observations reveal massive wall slip just beyond involved discrete fresh sample loading. All measurements took place
the terminal regime. (i) Creep flow is seen to also produce shearat room temperature around 2.

banding. (iii) Although the same average rheological states can Particle Tracking Velocimetric (PTV) Setup. In our PTV

be produced by startup shear and creep, the actual inhomogege"'cev a sheet of laser passes across the sample thickness, and a

neous states are different. (iv) Startup shear at high rates appea
to produce inhomogeneous states by causing micellar breaku
instead of disentanglement. (v) The solution also undergoes
inhomogeneous deformation during LAOS. (vi) A large step

strain produces nonquiescent relaxation. (vii) The failure of the

harge-coupled device (CCD) camera captures movements of the
iMuminated particles, allowing a time-dependent velocity profile

QO be determined, as shown in Figure 1la. To observe the flow field

inside the sample, a flexible transparent film is wrapped around
the meniscus. Our observation plane s43mm from the meniscus.
The setup involves a cone of angleahd diameter 25 mm placed

entanglement network during startup shear and after step sheaabove a 25 mm diameter disk (CP-25 mfi);4s depicted in Figure

is inhomogeneous not only along the velocity gradient direction
but also in the flow-vorticity plane.

Il. Experimental Section

Materials. This study is based on cetyltrimethylammonium
bromide (CTAB) and sodium salicylate (NaSal) purchased from
Sigma-Aldrich. The quality and degree of purity of chemicals were
good enough without any further purification. We study a solution
at a CTAB solution at a concentration of 0.1 Mcfag ~ 0.036)
and NaSal concentration of 0.07 M dissolved in distilled water.
The prepared sample was kept for several days (at least 72 h) ai
room temperature to achieve equilibrium state, prior to experiments.
Silver-coated particles (Dantec Dynamics HGS-10) were uniformly
dispersed in the micellar solution at a low concentration {300
400 ppm) for the purpose of particle tracking velocimetric observa-
tions. To the best of our knowledge, these microparticles are
uncharged.

Measurements. Rheological and PTV measurements were
carried using a Physica MCR-301 rotational rheometer (Anton Paar)
in a cone-plate setup. For conventional rheometric measurements,
a cone of angle 2and diameter 25 mm (CP-25 mn)ds placed
on top of a circular base of much larger diameter so that the
meniscus can be surrounded by a low-molecular-weight poly-

la. All measurements took place at room temperature around
23°C.

Flow Birefringence (FB) Setup.For flow birefringence obser-
vations, a sliding plate shear cell was built with two glass plates,
and transparent side walls were used to contain the sample during
shear so that FB observations can be conducted in either-flow
vorticity or flow—gradient plane, as shown in parts b and c of Figure
1, respectively. In the first setup, a fiber-optic illuminator is used
as the white light source. The incident white light travels horizon-
tally from one side through the sample width between two crossed

olarizers (at a 45angle to the shear directioiX), and a color

CD camera (mounted with a variable magnification lens, Edmund
VZM model 1000, No. 54396) captures the transmitted light from
the other side. In the second FB setup shown in Figure 1c, the
white light source is sent on the top transparent plate, and a color
CCD camera is placed to receive the transmitted light from the
bottom glass plate, where a full-wave retardation plate is placed
(perpendicular to the shear direction) between two crossed polarizers
that are at a 45angle to flow direction X). All measurements
were carried out at room temperature around®@3

[ll. Results and Discussion
A. Linear Rheology. Figure 2 shows the magnitude of the

(dimethylsiloxane) to prevent water evaporation. Each measurementcomplex viscosity, storage, and loss moduli from an oscillatory
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Figure 2. Complex viscosity;* and storage and loss mod@ and Figure 5. Flow curves of the CTAB/NaSal (0.1:0.07 mol/L) aqueous
G" vs frequencyw. solution determined by small-amplitude oscillatory shear (SAQS),

startup shear, and creep measurements with CP-25 tnifh2 filled
squares and circles represent the steady-state values of staeat
yapp from creep and startup shear, and open squares represent the
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Figure 3. Growth of shear stress(Pa) as a function of time in startup 0 L L)
shear at different imposed shear rates. The inset presented the growth 0 0.005 0.01 0.015 0.02
of o vs the elapsed straip for yap, between 2 and 107%, where a ¥ (mm/s)
?:tsep Is clearly seen to occur at= 4.0 independent of the applied Figure 6. Velocity profiles at different times during a startup shear at
’ Vapp = 0.02 s1. The inset shows the stress response as a function of
G (Pa) time.
B 6.0
100 j i A 9.0 B. Nonlinear Rheology.Both startup shear (controlled rate)
<12 and creep (controlled stress) modes were discretely applied to
1ok Z 1; explore nonlinear rheological responses of the micellar solution.
® 20 Figure 3 shows the shear stress growth as a function of time at
- =22 low shear rates. Withyap, < 771, the growth is monotonic.
'3&1 - ; * 24 Beyondyapp, = 0.05 s'1, a stress overshoot emerges. At high
e o3 v 26 shear rates withapp > 2.0 s'1, a cusp develops as shown in
L] Figure 3, in sharp contrast to the smooth stress overshoot
01 ® commonly seen in entangled polymer solutions. Upon plotting
the stress growth(y) vs the elapsed strain we see the stress
maxima all occurring ay, ~ 4.0 as revealed by the inset of
0.01 ¥ E Figure 3. Such a feature has been reported béfdfdt was
1 10 100 1000 proposedf that this behavior is associated with finite extensibil-
t(s) ity of the micellar network.
Figure 4. Changes ofyapp as a function of time in discrete creep During a creep experiment, the rise of the apparent shear rate
experiments at various applied constantPa). yappas a function of time is reminiscent of a similar phenomenon

in entangled polymer solutiort8. Contrary to the case of

polymer solutions where special efforts had to be made to ensure
shear frequency sweep test at a low strairb%) at room absence of any edge effétton the characteristic rise, our
temperature. The plateau modul@g of this sample is around  micellar solution is so soft that it is entirely free of any edge
39 Pa and indeed very low relative to (by a factor of at least fracture. In other words, the observed increase of the apparent
10) the typicalG, of entangled polymer solutiort$:>3and the shear rate as shown in Figure 4 is a true rheological response
terminal relaxation time is around 31 s. to the imposed shear stress. At low shear stwess20 Pa,japp
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Figure 7. Transient and steady states at intermediate shear rates rangingime: (&) velocity profiles afyap, = 0.5 s%; (b) velocity profiles at
from 0.05 to 0.2 s, where the insets show the stress as a function of Vapp= 1.0 % (C) velocity profiles atyap, = 2.0 s™
time: (a) velocity profiles afap, = 0.05 s'%; (b) velocity profiles at
yapp= 0.1 5% (c) velocity profiles atyap, = 0.2 s1.

C. Startup Shear—PTV Measurements.1. Homogeneous
Flow in Terminal Regimejfpp < 771). At sufficiently low shear

reaches steady state within 10 s or so.cAt= 20 Pa, app rates, there is no stress overshoot upon startup shear. Figure 6
gradually increases to reach a steady-state value tafte200 shows that the velocity profile is fairly linear across the gap at
s. Taking the steady-state value @fyapp andnapp = o /Vapp all times. This result is consistent with an earlier report of

from both startup shear and creep measurements, we can plosheared micellar solutiorf$.
the flow curves in Figure 5. A stress plateau characteristic is 2. Sliplike Behaior beyond the Terminal RegimBeyond
clearly seen in Figure 5, in accord with the literature. the terminal regime with 0.05% ya5 < 0.2 s'%, a stress
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Figure 9. Transient and steady states at sufficiently high shear rates ranging from 4.0 to 1G®eare the insets show the stress as a function
of time: (a) velocity profiles afap, = 4.0 s'%; (b) velocity profiles atyap,= 5.0 s, where the upper left corner inset shows a snap shot of particle
movements after rupture in the sample interior; (c) velocity profileg.gt= 6.0 s'%; (d) velocity profiles atyap, = 10.0 s*.

overshoot is observed. Figure-7a shows the time-dependent 4. Rupturelike Behdor at High Shear RatedAt sufficiently
velocity profiles upon startup shear. Before stress overshoot, high shear rates, i.ejapp = 4.0 s, the shear stress grows
the velocity profile is linear across the gap. After stress sharply as a function of time and declines drastically after
overshoot, interfacial wall slip is clearly the dominant mecha- reaching the stress peak. Our PTV observations show that the
nism causing the stress decline. These PTV observations offersharp drop in shear stress appears to stem from rupture of the
useful InSIght into the Ol’lgln of the stress plateau: the shear Sample in the bulk’ as shown in F|gure_%where a “Crack"
rate stays as low as _0.021sq the bulk even though the apparent  emerges in the sample interior. Abpp= 4.0 51, the location
rate can be many times higher, due to massive wall slip. The ot the “tauit plane” is unstable and keeps changing. During this
agueous micellar solution is capable of such true mterfamgl SliP initial period, the stress signal also fluctuates as shown in the
gecal@e ofnthetilrc:]wt S(t)rllvenl? VI'SSOS[’:% dOf vr;/1aterr ?’[rng:tr;\dthlo inset of Figure 9a. At a higher shear ratg, > 4.0 s, the

as. Jve can estimate the sfip le gI compare nthe velocity profile appears more steady in contrast. Figure®b
sample thickness (ca. 1 mm). Insertipgr 100 Pas from Figure . . . )

presents the time evolution of velocity profiles at several

2 into the formul&® b = (y/n)a., along withy; = 1073 Pas, . _ X
and estimating slip layer to have a thickness of the mesh sizeQ'ﬁerent stages fopapp =5, 6, and 10° S, respe_ctlvely. The
of the entanglement network given bsT/G)“3 we haveb inset of Figure 9b shows the snapshot of particle moyements
~ 3 mm. when the “crack” emerged in the middle of sample thickness
3. Fluctuation of Velocity Profiles at Intermediate Ratas. ~ at7app=5.0 s* atca. 15 s. This image clearly shows that half
higher shear rates with,,, > 0.5 s'%, the velocity profile is of the. sample closg to the bottom stationary plate suffered
found to fluctuate across the gap after stress overshoot, ashegligible deformation and another half close to the upper
revealed by our PTV observations in Figure-8a At app = rotating plate moved with a velocity compared to the speed of
1.0 and 2.0, a striking elastic recoil-like breakup either close the top plate. Note the particles in the top half of the sample
to the wall or in the bulk accompanies the stress decline beyondare line-shaped streaks because during the camera exposure time
the stress maximum. The velocity profile continues to be time of 1/60 s the particles traveled a distance equal to the streak
dependent at long times. length.
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Figure 11. Normalized stress and strain signal as a function of time
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(b) y = 600%,w = 1.0 rad/s. The insets show the Lissajous patterns
for each case.

=3 v
D. Creep Mode—PTV Measurements. Figure 10 shows o g‘__las o ;;3
typical transient behavior of the micellar solution undergoing A 1.0 @ during shear
creep at a constant stress. At 22 Pa, initially att = 20—30 0.1 L 1
s, the sample suffers measurable wall slip. After 40 s, Japp 0.1 1 t(s) 10 100

rises sharply. .At = 50-75s, shear banding develops Interna_lly Figure 13. Shear stress growth and relaxation during and after discrete
and evolves in time as the apparent shear rate further risesstep strains ranging from 0.15 to 5.07a, = 5.0 s™.

Finally, att = 100 s, a layer of higher local shear rate forms

andyapp Saturate to a steady-state value around 6'5Egure by the sample during startup shear at a rate corresponding to
10 contrasts Figure 9td in that the severe rupturelike profile  the final rate observed in creep.

is absent in the creep mode. In other words, although both modes E. Large-Amplitude Oscillatory Shear (LAOS). 1. Lissa-

of shear produce nearly the same flow curves as shown in Figurejous Pattern.Large-amplitude oscillatory (LAOS) has been

5, the velocity profiles and corresponding fluid structures are employed widely to explore nonlinear rheology of complex
rather different. This difference is related to the fact that imposed fluids. We carried out LAOS experiments at a fixed frequency
constant shear stress of 22 Pa in creep is much lower than thes = 1.0 rad/s ¥ crossover frequency. =~ 0.03 rad/s) and
peak stress of almost 300 Pa (read from Figure 9c) experiencedvarious strain amplitude frony = 0.4 to 6.0. Figure 11la,b
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Figure 14. PTV measurements of macroscopic motions during relaxation for @)2.0 atyapp= 5.0 s, (b) y = 3.0 atyapp= 5.0, (c) y =
3.0 atyapp = 10.0 s%, and (d)y = 5.0 atyapp = 2.0 s*. The insets show the velocity profile during shear.

summarizes the normalized oscillatory shear stress and strairamplitude is suddenly lowered to 100% at the same frequency.
as a function of time and corresponding Lissajous pattern of Within a quarter of a cycle, i.e., in about 1.6 s, the sample almost
CTAB/NaSal in steady state. Up to strain amplitude of 100%, returned to uniform shear. The velocity profile is completely
the oscillatory stress is sinusoidal and the Lissajous plot is linear after 3/2 cycle at 9.5 s, as shown in Figure 12b.
elliptical. As the strain amplitude increases, the shape of F. Step Strain.1. Conventional Rheometric Measurements.
Lissajous pattern is distorted as the stress curve becomesStep strain experiments are conceptually the simplest. In a
nonsinusoidal and sawtooth-shaped. For example, Figure 11bsimilar entangled wormlike micellar CTAB solution, failure of
for y = 600% contrasts Figure 1la to suggest that nonlinear the Lodge-Meissner relation has been reported for large step
flow response emerges for= 600%. Often such rheological  strains!’ The reason for the breakdown of the Loddéeissner
information has been taken as intrinsic material responses torelation has been elusive. Here we make PTV and FB measure-
LAOS that are homogeneous across the sample thicknessments to explore nonlinear responses of the CTAB micellar
It is crucial to verify whether uniform deformation prevails or solution during and after step shear. Figure 13 shows the shear
not. stresso as a function of time for a range gffrom 0.15 to 5.0

2. PTV Measurement&igure 12a shows the PTV measure- atyapp= 5.0 s'*. There is a sharp contrast of stress relaxation
ments of LAOS at different amplitudes all at the maximum of behavior depending on whetheris below 1.0 or well above
angular velocities in the steady state. At low strain amplitudes 1.0.
y < 100%, the velocity profile is fairly linear across the gap at 2. PTV Measuremest Our PTV observations indicate that
o = 1.0 rad/s. Withy > 1.0, nonuniform flow was visualized the sample does not relax quiescently beyond stpain 1.5
across the gap. Beyond the strain amplitude of 500%, the sampleduring relaxation. For example, after a step sheay ef 2.0,
catastrophically ruptures, reminiscent of the features observedwe see significant macroscopic motions as shown in Figure
in startup shear. Comparison between coplate and parallel 14a,b although the shear deformation took place uniformly
plate geometry in Figure 12a indicates that the effect of a stressacross the gap. The observed recoil-like motions is reminiscent
gradient across the gap in conglate geometry is negligible.  of similar phenomena found in entangled polymer solutfSi%s.
In a different LAOS experiment, the sample was first subjected It appears that this wormlike entangled micellar solution also
to LAOS with y = 600% atw = 1.0 rad/s and suffered suffered an elastically driven structural failure as entangled
rupturelike breakup across the sample thickness. Then, the strairppolymer solutions d& upon large step strains. Nevertheless,
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Figure 15. FB visualization from velocity gradienXY) plane between crossed polarizers during shear and after sheav/tith 5.0 s* and
H = 0.6 mm up toVAt/H = 3.4, i.e., up toAt = 0.68 s.

there is one remarkable difference between entangled micellarcorresponding to the equilibrium state in presence of the
and polymer solutions. Unlike polymer solutions, the micellar retardation plate. The blue patches, which correspond to a
solution exhibits accelerated macroscopic motions upon shearpartially relaxed state, grew in a pink background, indicating
cessation. In other words, it takes a noticeable amount of time the sample was not relaxing uniformly in tie-Z plane.
for the macroscopic motion to attain a maximum velocity as  Figure 16b depicts the time-dependent retardation during
shown in Figure 14c. In other words, the recoil-like motions shear atyapp = 6.6 s up tot = 1.5 s. After initial uniform
take a noticeable amount of time to accelerate before reachingdeformation, uneven colors emerge beygnd= 4.0 (corre-
a maximum velocity. It is plausible that micellar breakup process sponding tat = 0.61 s), where the sample rupture would take
modified the overall dynamics of the failure process. Finally, place according to Figure 3 and Figure 9c. Accompanying the
we note that at amplitudes higher than= 4.0, the sample nonuniform distribution of color, the sample’s retardation
would break up internally during shear, as shown in the inset decreases during a period fram 0.61 to 1.5 s, indicating a
of Figure 14d. Upon shear cessation, recoil immediately occurs drop in the level of normal force due to the rupture like recoil
at the location of the breakup. observed in Figure 9c,d. Upon flow cessation, it took more than
3. FB Visualization during Relaxatiofrigure 15 shows the 10 s for the system to return to its birefringence-free state as
FB images during and after a step sheay 6f 3.4 atyapp="5 depicted by the first photo. It is important to note that, without
s 1in the velocity-gradient K—Y) plane (in a setup depicted crossed polarizers and retardation plate, these domains would
in Figure 1b). Uniform color was observed during shear, be invisible. Thus, our flow birefringence observations have for
indicating that sample experienced uniform deformation up to the first time allowed us to visualize nonuniform fluid structure
0.68 s. Upon shear cessation, inhomogeneous retardatiomot only in the gap direction but also in the fleworticity plane
emerges during relaxation4 0.78-3.0 s). This period of time ~ during startup shear.
corresponds to nonquiescent relaxation of the sample as
observed by PTV. At = 4.0 s, the FB returned to uniform V. Summary
color and the sample fully relaxed &t= 25.0 s. These FB We have carried out a combination of rheometric, particle
observations are consistent with the preceding PTV observationstracking velocimetric, and flow birefringence observations of a
In order to probe whether the sample recoil after step shear CTAB/NaSal solution subjected to various forms of shear flow.
occurs uniformly throughout the sample, we have carried out In the terminal flow regime withyap < 0.02 1, homogeneous
simple flow birefringence observations using a setup depicted flow was observed. At intermediate shear rates from 0.05 to
in Figure lc. Figure 16a shows the retardation before, during, 0.2 s’1, stress overshoot similar to that in entangled polymer
and after a step strain ¢f = 2.5 atyp, = 6.6 S'1, as viewed solutions was actually associated with wall slip. At higher shear
along the velocity gradient direction, i.e., in the shearticity rates ranging from 0.5 to 2.0°% nonlinear velocity profiles
(X—=2) plane. Before shearing, the color was uniformly blue, had considerable fluctuation after stress overshoot. At sufficient
which was due to a full-wave retardation plate placed perpen- high shear rategap, > 4.0 S, this sample yielded dramatically
dicular to the shearing direction in between the two crossed beyondyy, ~ 4.0 with rupturelike response whose origin appears
polarizers. As the sample was undergoing uniform deformation to be related to chain scission in the entanglement network of
up toy = 2.5, the color moved backward along the Michel ~ wormlike micelles. Shear inhomogeneity was also observed in
Levy charter toward smaller values of apparent retardation dueLAOS and creep flow. Moreover, step shear with strains
to the cancellation of the growing sample retardation against between 1.5 and 4.0 produced uniform deformation during shear
the retardation plate, and an orange color appeargd=ag.5. as confirmed by PTV and FB observations. But upon shear
Upon shear cessation, blue patches emerged against a pinkiskiessation, nonuniform macroscopic motions occur as indicated
background, which reflects weaker retardation of the relaxing by PTV measurements. The flow birefringence observations
sample as the colors all move toward the deep blue color both across and along the sample thickness reveal that the
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t10=7.0 s t11=12.0 s t12=20.0 s

6.6 t=0s

0.1 s after cessation of flow

Figure 16. FB visualization from vorticity X—2) plane during shear and relaxation between crossed polarizers and a retardation fiWiHwith
6.6 standH = 0.6 mm: (a) up toAt = 0.38 s, i.e., up to a strain &fAt/H = 2.5, well before stress maximum is reached, and (b) uftte
1.5 s, i.e., a strain 0¥At/H = 10, where the stress cusp is expected to occur at a strain of 4.0 according to the inset of Figure 8.€.64t
s. Uneven color due to emergence of “patches” can be seen after the frame of 0.57 s.

structural breakdown occurred nonuniformly three dimension- random and thus unchanged during any of these different forms
ally. Since the spatial distribution of the PTV particles remains of shear, we have no reason to suggest that the observed shear



1464 Boukany and Wang

Macromolecules, Vol. 41, No. 4, 2008

banding is caused by presence of the particles. Notably, previous(23) Decruppe, J. P.; Cressely, R.; Makhloufi, E.; Cappelaer&otoid

NMR imaging studie® 37 that did not involve inclusion of

particles also reported shear banding in similar wormlike

micellar solutions.
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