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ABSTRACT

The non-linear rheology of semi-dilute
surfactant solution in shear flow is
presented. The studied solution shows a
pronounced shear-thickening behaviour that
is coupled with oscillations of the free
rheological parameter and the presence of
shear-bands. With the help of rheo-small
angle light scattering and optical imaging
techniques an attempt is made to correlate
the developed flow-induced structures to the
flow curve.

INTRODUCTION

It is well known that under certain
conditions surfactant molecules in aqueous
media can form long rod-shaped aggregates
or wormlike micelles. In the linear flow
regime the solution can be explained as a
simple Maxwell fluid, however, the
rheological response is of a complex manner
in the non-linear regime. For the latter case,
a huge body of very different flow response
is observed and discussed in literature over
the last few years'”. In general, it is
observed that high shear rates disturb the
equilibrium structure and kinetics of the
surfactant aggregates and, as a consequence,
new shear-induced phases and structures are
developed during shearing. Depending on
the concentration regime of the surfactant
solved in aqueous solution (dilute or semi-
dilute), the systems may exhibit a shear-
thinning or shear-thickening behaviour®®’. A
prominent example is cetylpyridinium

chloride and sodium salicylate
(CPyCl/NaSal) that normally exhibit shear-
thinning behaviour coupled with spurt. But
an equimolar mixture of this surfactant and
counterion in the concentration regime from
30 to 80 mM/L shows, first shear-thinning
and then a pronounced shear-thickening
properties with the formation of shear
bands™*"".

In the present study, the equimolar
surfactant-counterion solution of
cetylpyridinium chloride and sodium
salicylate was investigated in a transparent
parallel-plate geometry using strain- and
stress-controlled rheometers. The influence
of the gap size on the rheological response
function and on the formation of shear
bands was discussed with the help of optical
imaging and small angle light scattering
(SALS) measurements.

EXPERIMENTAL

Solutions of 40mM/1 Cetylpyridiunum
chloride (CpyCl) and 40mM/l sodium
salicylate (NaSal) were prepared in double
distilled water with the ratio of salt to
surfactant as one. The experiments reported
in this contribution were performed using
the Rheometric Scientific DSR and ARES
rheometers equipped with parallel-plate
geometry of 40 mm diameter. A fluid bath
was used to maintain the temperature at
20+0.5°C. While DSR was used for stress
controlled measurements, ARES was used
for strain controlled measurements. SALS
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images were taken in DSR with the
transparent parallel-plate geometry. A SmW
He-Ne laser provided a monochromatic light
of wavelength 632.8nm. The scattering
images formed on the screen below the
sample were captured using a Sony CCD
camera (DFW-V 500, Japan). The maximum
angle of the scattered light was about 10°.
Optical images of the sheared solution were
also recorded using a CCD camera fixed
below the bottom plate.

RESULTS
Non-Linear Rheology

The flow curves of the investigated fluid
in both strain- and stress-controlled
experiments are shown in Fig. 1.
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Figure 1. Flow curves for an equimolar
(40mMol/l) CpyCl-NaSal solution in stress-
and strain- controlled experiments at 20°C

These data were accomplished using
parallel-plate geometry of gap Imm at 20°C.
At low shear rates the material shows
Newtonian and then  shear-thinning
behaviour but as soon as the shear rate
reaches a critical value, the solution enters
in to a shear-thickening regime with the
formation of clear and turbid ring like
patterns or shear bands. The solution also
displays different kind of macroscopic flow
behaviour when investigated in strain- or
stress-driven experiments. In the non-linear
flow regime, above the critical shear rate,
where the shear bands are formed, the
measured free variable such as shear and

normal stress (strain-controlled experiment)
or shear rate (stress-controlled experiment)
oscillates drastically.

A transient signal of the shear rate in
case of stress-controlled experiments 1is
shown in Fig. 2 for a shear stress of 18Pa.
This kind of unsteady signal is observed
from a shear stress of 12Pa onwards and is
because of the shear-induced structures built
up in the sample, which changes the shear
viscosity in a periodic manner. In all cases
(parallel-plate, Imm gap), the shear rate
oscillates with a frequency of 1s. In the
shear-thinning regime however, the signal is
constant as a function of time. Similar
transient behaviour was also observed in
strain-controlled experiments by one of us’.
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Figure 2. Transient behaviour of the shear
rate in stress-controlled rheometer (DSR) at
a shear stress of 18Pa

Optical images and SALS patterns

To further investigate the shear banding
flow, optical and SALS images of the
solution in question were taken in stress-
controlled (DSR) rheometer at different
stress levels as shown in Fig. 3. Left side of
each optical image corresponds to the outer
edge of the parallel-plate geometry (Imm
gap); black areas correspond to clear sample
and the bright areas to the turbid bands.
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Figure 3. Optical images (A) and SALS
patterns (B) of the surfactant solution

The sample is clear in the linear flow
regime (10Pa). As the flow enters the non-
linear regime, first the solution becomes
homogeneously turbid while in the
following shear-thickening regime shear-
bands are developed with alternating turbid
and clear ring-like patterns (14Pa & 25Pa).
We also observed that each ring fluctuated
between turbid and clear state. The
corresponding SALS patterns show butterfly
like scattering patterns in the shear-
thickening regime and no significant
scattering in the shear-thinning regime. This
butterfly like scattering pattern is similar to
the scattering pattern found in entangled
polymer solutions or in viscoelastic
surfactant solutions'".

Further, we investigated the gap
dependency of these shear bands in the
parallel plate geometry. Experiments were
performed with four different gap sizes,
1.0mm, 0.5mm, 0.25mm and 0.Imm. We
observed that for all the gap distances
studied here, once the critical shear rate is
reached, turbid bands start to develop at the
outer edge of the parallel-plate and then
spread inward. In the non-linear regime, at a
shear stress of 25Pa, with decrease in the
gap distance the number of turbid bands

increase and the intensity of these turbid
bands decrease as shown in Fig. 4. For very
small gaps like that of 0.1mm, the solution
shows multiple bands of very weak intensity
only at the outer edges of the parallel-plate
geometry. We also observed that decreasing
the gap size decreased the higher angle
scattering in the SALS patterns (not shown
here).
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Figure 4. Effect of gap size on the formation

of shear bands and their intensity at a shear

stress of 25Pa. (The intensity is the average
intensity of the outer most turbid band)

DISCUSSION

From the optical and SALS images (Fig.
3) it is clear that the worm-like micelles
build up large ring like aggregates. The
aggregation of the worm-like micelles and
the oscillation of the free parameter can be
explained assuming that one of the bands,
e.g. the turbid one, has a significant higher
viscosity than the clear solution. Under
constant stress or strain conditions, the two-
fold value of the free parameter is now
determined by the width, number and the
intensity of the generated turbid or clear
bands. We observed that, for a gap size of
Imm, at a constant stress in shear banding
regime, the shear bands fluctuate from clear
to turbid ring like patterns with a frequency
of 1s. This causes the shear rate to oscillate
(Fig. 2) as the viscosity of the sample is
being periodically altered. Lowering the gap
size from Imm to 0.lmm leads to the
formation of more number of less intense
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turbid bands. This means that sample
confined in the small gaps will generate low
stresses resulting in a shift of the flow curve
towards higher shear rates and a later onset
of shear-thickening (not shown here).
Comparison of the SALS and optical images
of the sample at different gap distances
suggest that the intense dark bands are due
to concentration-fluctuations and as the gap
decreases these fluctuations are suppressed
due to geometrical restrictions.

CONCLUSIONS
In summary, we reported on the
observation that wviscoelastic surfactant

solutions exhibit a transient band formation
in simple shear flow which significantly
influences the rheological response function
depending on the length scale of the
geometry. Due to the geometrical restriction
of the flow field, different aggregation
forms evolve and the noteworthy point in
our experiments is that not only the shear
stress (or shear rate) but also the gap
distance triggers the formation of shear-
induced structures.
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