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Insight in shear banding under transient flow
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The rheo-optical behavior of a viscoelastic solution of a surfactant subjected to transient shear flows is
reported. A steplike shear rate is suddenly imposed and we record the transient physical characteristics of the
liquid, i.e., the shear stresss, the transmitted intensityI (t), and the scattering pattern. At the inception of the
flow the shear stress shows an important overshoot followed by damped oscillations which also appear in the
intensity profile. Then a sigmoı¨dal relaxation process brings the liquid in its final steady state. During this first
phase, the diffusion pattern due to enhanced concentration fluctuations can also be observed. A fine anisotropic
layer appears near the moving wall shortly after the inception of the flow, but its width starts to increase
significantly well after the end of the relaxation process. When the laser beam travels through this band a
diffraction pattern can be observed indicating that it is formed by small subbands, the characteristic width of
which is in the order of 100mm.
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The flow of viscoelastic micellar solutions in a sing
laminar layer is known to become unstable when the sh
stresss reaches a critical value: the liquid contained in t
gap of the shearing device separates in two bands which
different rheo-optical properties. This phenomenom, ca
‘‘shear-banding,’’ predicted in the model of Spenley a
Cates@1# based on the theoretical works of Doi and Edwa
@2,3#, has received much attention and many experime
studies have confirmed these predictions: rheology
small-angle neutron scattering~SANS! @4–9#, flow birefrin-
gence ~FB! @10–13#, nuclear magnetic resonance~NMR!
@14–17#. Many of these experiments are performed in a s
tionary state; the shear rate is slowly and gradually increa
up to and beyond the critical shear rate where a highly
isotropic layer is formed, the proportion of which increas
with ġ. For simplicity, in the following we shall call this
layer theh band; it forms at first near the moving wall of th
Couette cell, the rest of the gap is filled with thel band. This
phenomenon has been well established by the ab
mentioned techniques but is still not fully understood as c
cerns the emergence and the way theh band grows in width.
In addition, the question of whether the shear banding flow
only a purely mechanical instability or involves a mo
subtle nucleation process as suggested by Berret and hi
workers @9# is not made clear by these stationary measu
ments. A deeper microscopic insight of the phenomen
which occurs before the shear banding flow, is well est
lished in the gap and can be reached through transient r
optical experiments, i.e., transient rheological, optical fl
birefringence, and small-angle light scattering~SALS! ex-
periments.

Berretet al. @9# have shown in the case of cetylpyridiu
chloride/sodium salicylate solutions~CPyCl/NaSal! solutions
that the shear stress relaxation after a sudden inception o
flow happens on two different regimes, which extend o
quite different time scales. The first one~corresponding to
the overshoot and to the eventual damped oscillations! is
1063-651X/2001/63~2!/022501~4!/$15.00 63 0225
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associated with a fast decrease of the shear stress over a
interval in the order of a few Maxwell times, while durin
the second domain,s slowly decreases to reach its stationa
value according to a sigmoı¨dal profile,

s;expF2S t

tNG~ ġ !
D aG .

This kind of stretched exponential decay has been expla
in terms of a nucleation process followed by a on
dimensional growth of a nematic phase in the isotropic o
tNG(ġ) is the characteristic time for the nucleation and t
one-dimensional~1D! growth processes. The analysis of th
results of our optical experiments will not confirm this a
sumption: the nucleation process and the growth of the sh
band seem to be two well distinct and independent phen
ena@18#.

The micellar solution chosen in this work is a solution
cetyltrimethylammonium bromide~CTAB! 0.3 M with a
mineral salt, the sodium nitrate (NaNO3) at 1.79 M in water
at T530 °C. This system is a good Maxwellian liquid with
single relaxation time (tR.0.18 s), which shows a highly
viscoelastic behavior and, as can also be expected, impo
nonlinear effects. For this high concentration, we can exp
the micelles to form a highly entangled network. The aim
this paper is to compare the transient optical response of
micellar system to the time-dependent rheological studie
order to bring another insight in the shear banding pheno
enon.

Figure 1 shows the variations of the stress versus
shear rateġ. Three different curves can be seen; they a
built in the following way: a typical transient flow curv
@like the curves(t) in Fig. 2# shows an overshoot followed
by a few oscillations and then a sigmoı¨dal relaxation; three
values ofs are of particular interest:sos ~n! characterizess
at the first overshoot,sM ~d! is the extrapolated value of th
stress after the first overshoot and just before the sigmo¨dal
©2001 The American Physical Society01-1
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relaxation, and finallysst ~s! corresponds to the stationar
value of the stress. The Newtonian variation (s5h0ġ) ~dot-
ted line! has been drawn for comparison. The reason for
choice of these particular values of the shear stress is
scribed in great detail in another work@19#. It must be em-
phasized that the curvesM(ġ) ~d! looks very much like the
curve s(ġ) we can get in strain controlled sweep expe
ments when the system is out of equilibrium. This proced
is similar to the one used by Grant and his co-workers@20#.
The points forming the branch above the plateau shown
the curvesst ~s! correspond to metastable states of the s
tem and in the present work, we focus on a particular va
~10 s21! which corresponds to the maximum of the cur
sM(ġ). In a steady-state process during whichġ is slowly
increased to 10 s21, the liquid would already have separate
in two bands (ġc55 s21) which are not very stable~the in-
terface fluctuates quite a lot for this particular solution!, but
nevertheless shows different optical properties. The phys
device for these experiments is very simple: it is a stainle
steel Couette cell with the inner cylinder moving; the typic
diameters are 47 and 50 mm. The temperature is kept
stant to 30°. The moving wall is suddenly started and
maximum angular velocity is reached in a few millisecon
the viscoelastic solution is thus subjected to a sharp ste
shear rate and we record the evolution of the tangential s
stresss(t) and of the transmitted light intensity; we als
follow qualitatively the changes in the SALS patterns o
served in both the planes (vW ,vW ) and (vW ,¹W v). As concerns
the optical measurements, a narrow beam of laser ligh
sent through the medium in the direction of the vortici
After traveling through 10 mm of solution, the beam hits
small pin diode which gives an electrical signalI (t) propor-
tionnal to the quantity of energy received. ThusI (t) can be
seen as a measurement of the turbidity of the solution.
have also checked that the solution did not show signific
intrinsic dichroı¨sm which could be another way to expla
the variation ofI (t) under flow. We shall see thatI (t) varies
with time and that these variations result from light scatt
ing which can be understood as form dichroı¨sm.

FIG. 1. Flow curvess(ġ) corresponding to different experi
mental values:sos is the value ofs at the overshoot,sst corre-
sponds to the stationary value of the stress, andsM represents the
extrapolated value ofs near 0 as described by Grandet al. @20#.
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The second set of curves~Fig. 2! shows the variations o
the shear stresss and of the transmitted light intensityI ~in
arbitrary units! with the timet. The s(t) curve is similar to
the one described by Berret@7,19#; at the inception of the
flow, s increases sharply and very rapidly showing the ty
cal overshoot of shear-thinning viscoelastic fluids. The pe
reaches a maximum att.0.5 s ands5600 Pa, then the
stress decreases very rapidly, oscillates a few times be
the slow sigmoı¨dal relaxation starts. Finally, after a few se
onds~5–6 s! the steady state is reached ands remains con-
stant. The variations ofs should now be compared to thos
of I (t). At time t50 and during the first few tenths of
second, whens increases rapidly,I (t) is practically con-
stant: the solution remains transparent; then it decrea
sharply down to its minimum value which is reached wh
s(t) is at its maximum. After this first period, the increase
I is associated with the sharp decrease ofs after the peak; it
is remarkable to emphasize that the transmitted intensity
oscillates witht but is out of phase withs(t).

A direct observation of the gap with a microscope sho
that the liquid becomes turbid: it takes the aspect of a mi
solution which strongly scatters the light. Figure 3 presen
few SALS patterns chosen in the plane1 (vW ,vW ) and (vW ,¹W v)
at various moments taken during the overshoot, the osc
tions, and the sigmoı¨dal relaxation ofs. Shortly after the
inception of the flow, a typical butterfly pattern appears. T
is particularly clear in the plane (vW ,vW ) where a distinct figure
can already be seen at 0.6 s while in the plane (vW ,¹W v) one
has to wait for about 1 s before seeing the wings. This is on
due to the weak sensitivity of our charge coupling dev
camera since a distinct pattern already exists at shorter ti
and can be directly observed on a translucid screen.
diffusion happens mainly after the peak ofs, during the fast
decrease ofs, continues during the oscillations, diminishe
and finally vanishes during the sigmoı¨dal relaxation. It is
now commonly assumed that SALS results from spa

1Realized at the University of Montpellier.

FIG. 2. Variations of the transmitted intensityI (t) ~in arbitrary
units! and of the shear stress versus timet. The small insertion
showsI (t) on a larger time scale.
1-2
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temporal fluctuations of the optical properties of the v
coelastic medium which are induced by concentration fl
tuations. In that case, it can be shown@21# that the scattered
intensity can be written as

I 5ACS~qW !,

with S(qW )5(1/C)* exp2qW•xW^dc(u)dc(xW)&dWx, the structure fac-
tor, anddc(xW ) is a fluctuation at a pointxW .

According to the Helfand-Fredrickson model@22#, the
concentration fluctuations are enhanced in the direction
the flow and suppressed in the direction of the gradient. T
the oscillations of the tangential shear stress lead to peri
cal concentration fluctuations which induce periodical var
tions of I (t). This assumption is confirmed by the SAL
pattern which is nonmonotonic: a quite dim pattern cor
sponding to largeqW ’s appears right at the inception of th
flow, disappears in half a second, before it reappears a
around 0.63 s in the plane (vW ,vW ) and 1 s in theplane
(vW ,¹W v). This evolution is particularly clear at lower she
rates~6–8 s21 not shown in this paper!, where the frequency
of this phenomenon is small compared to the frequency
the digitizing device. The evolution ofs(t) and I (t) are
drawn on a longer time scale in the inset in Fig. 2. After t
sigmoı̈dal relaxation, s(t) is constant and remains un
changed. However, this is not the case forI (t) which pre-
sents important fluctuations on and after 30–35 s. This
be explained by the set of photographs in Fig. 4 that show
small portion of the gap in the plane (vW ,¹W v). On each pho-
tograph, the lowest limit represents the inner moving cyl

FIG. 3. A few diffusion patterns in the plane (vW ,¹v) ~upper
half! and in the plane (vW ,vW ) ~lower half!.
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der. Shortly after the inception of the flow (t54 s), a fineh
band appears near the moving wall; at 5 s it is well estab-
lished and its width remains approximately constant up to
s. At that time, the stresss has reached its stationary valu
and thel band, which takes place in the rest of the gap,
transparent again as shown by the curveI (t). Beyond 30 s,
the proportion of the shear-induced phase significantly
creases to finally spread over nearly two-thirds of the g
~see, for example, the last photograph of the set of six!, and
the laser beam that crosses the cell in the middle of the
travels now through theh band. Thus the strong fluctuation
of I (t) beyond 35 s are directly related to the increase of
width of theh band. If the transmitted light is collected on
screen, a ‘‘bright streak’’@23–25# is observed in the direc
tion of ¹W v. This pattern is quite unstable but we manage
take a few good pictures clearly showing a diffraction figu
~see, for example, the photograph in Fig. 4, where disti
diffracted images of the beam can be seen especially in
left part of this pattern!. This diffraction pattern looks very
similar to the image we get when we illuminate a collecti
of narrow slits with different indexes of refraction. Th
variation of the diffracted intensity along the pattern h
been digitized and from the curveI (q) ~see Fig. 3!, assuming
a simple network, we can estimate the dimension of the
fracting object. We have used the peaks numbered 1 to
perform this calculation and it turns out thatd.100mm. So,
we think that the pattern results from the diffraction of lig

FIG. 4. The six photos show the gap of the Couette cell
various moments between 4 and 180 s. The figureI (q) represents
the variation of the intensity in the diffusion pattern in a directi
parallel to the bright streak. The maxima numbered 1–4 have b
used to compute the width of the diffracting objects.
1-3
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by a one-dimensional grid perpendicular to¹W v and with
‘‘slits’’ of roughly 100 mm width. This value is in quite good
agreement with what we can observe in the gap with a
croscope. In theh band, it is quite easy to see long threa
parallel to the flow direction, the width of which is a fractio
of a millimeter ~see, for example in Fig. 4 the last phot
graph of the set of six!. The laser beam is diffracted since th
index of refraction of these threads is different from the
dex of the solution: this could result from the fact that t
concentration of micelles is different in the threads and thh
band appears as formed by two phases of different op
properties. When the laser beam travels through thel band,
no diffraction pattern can be seen. Once the shearing flo
stopped the pattern slowly and gradually fades out, the o
peaks disappearing first, but it takes a long time for the fi
peaks on both sides of the central spot to completely van
The relaxation process is very slow, indicating that micel
ev

ys
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nd

er
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02250
i-

-

al

is
er
t
h.
s

form longer structures aligned in a direction parallel to t
flow in the h band.

In conclusion, these optical and rheological results clea
show that the nucleation process and the growing of thh
band are two independent phenomena. Although a fine
isotropic layer is already present shortly after the oversho
its width only increases when the steady-state regime is w
established again. Shortly after the overshoot and for a sh
time interval~.2 s!, the light beam is strongly scattered an
diffusion patterns are observed in both planes (vW ,¹W v) and
(vW ,¹W ). They reveal the existence of strong variations of t
refraction index due to enhanced concentration fluctuatio
The bright streak happens to be a diffraction pattern resul
from the scattering by small threadlike objects aligned in
direction of the flow. However, the highly anisotropich band
starts to grow well after the diffusion process and seems
be a completely independent process.
F.
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