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Abstract:

We want to investigate the flow dynamics of two comparable wormlike micellar surfactant solutions that show special
shear-induced features. Previous small-angle light and neutron scattering experiments on such systems showed that the
most valuable structural information are given in the U-SANS-regime, from which we stayed out of range so far.
Rheo-SANS experiments on D11, with lowest momentum transfer and lowest background possible should fill this gap and
help elucidating the meso- and small-length scales, where these unique sample-properties are caused. For the foreseen
time-triggered rheo-SANS experiment a rheometer with couette-setup and an inhouse development for the technical

linkage (rheometer- and SANS-instrument) will be provided by ETH.
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Figure 1: Scheme of the experimental setup to de-
termine the rheological behaviour, the laser light
transmittance, the small angle neutron scattering,
and to visualise the shear band formation.

In this proposal 9-10-1299, we investigated the
alternating appearance of turbid and clear vortic-
ity and gradient shear bands formed by elongated
wormlike micelle surfactant solutions to obtain in-
sights into the formation of gradient and vortic-
ity shear bands that appear simultaneously. For
this purpose we used a viscoelastic surfactant so-
lutions based on an equimolar mixture of cationic
cetylpyridinium chloride CPCl and either the mono-
valent salts: lithium, sodium, or potassium salicy-
late (LiSal, NaSal, KSal) and the bivalent salts cal-
cium salicylate (CaSals), by using a time-triggered
rheo-SANS setup at the SANS-instrument D22

The data supplied by the SANS (momentum
transfer ¢, scattering intensity I) and rheometer-
measurements (shear stress, shear rate), as well as
the ones coming from the laser light signal (sam-
ple transmittance) will be recorded simultaneously
(see setup in Fig. 1). A circular aperture of 12 mm
in diameter was used to shorten the experimental
time. The data is acquired at wavelength A = 6 A~!
(A = 11A~1), sample-to-detector distance SD of
2.8,5.6 and 17.6m (17.6 m) and collimation of 2.8,
5.6 and 17.6m (17.6m, respectively), to cover a
total g-range of 1073 to 107%6 A=1. In our time-
triggered SANS experiments, all neutron events are
summed at the shear rate minimum/maximum to
one scattering pattern each (Fig. 2).

The rheological behaviour of the exemplary salt-
surfactant solution NaSal/CPCl at 24°C is shown

in Fig. 2, using a rheometer Couette cell setup in
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Figure 2: Shear stress versus shear rate for 40 mM
CPCl/NaSal solution (24°C, 100% D-0). Each
data point of the shear rate oscillation is given in
the diagram and is shown by horizontal lines. The
figure in the lower right shows a cutout of the os-
cillation of the shear rate as function of time at
7 = 14 Pa. For the Newtonian regime, shear thin-
ning regime, and the shear thickening regime small
angle scattering pattern are shown (detector dis-
tance 6m, wave length 6 A).

rotational mode. To simplify the resulting curves
we mark the mean values of the shear rate for each
shear stress with a big symbol and connect them
(see Fig. 2).

Furthermore, shows Fig. 3 a detailed insight into
the oscillation of the shear rate (a), the respective
laser-light transmission measurements (c), and the
simplified visual images (b) of the gradient and vor-
ticity shear bands over time. Notice, the laser-light
is positioned perpendicular to the Couette axis and

has the same level like the neutron beam.

For low shear stresses (7 < 9Pa) the solution
stays clear and shows a Newtonian flow behaviour
(Fig. 2), where the micelles are arranged in an
isotropic (chaotic) way (see 2D-scattering pattern
from small angle neutron scattering named clear in
the Newtonian regime in Fig. 2). With increas-
ing shear stress (7 < 12Pa) the viscosity changes

to a shear thinning behaviour. The solution gets
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Figure 3: (a) Shear rate 4, (b) simplified optical im-
ages (top and side view of the Couette cell) and (c)
laser light transmittance 1" versus time ¢; the hori-
zontal arrow in (b) indicates the laser-light and neu-
ton beam (40 mM CPCl/LiSal, 100 % D20, 25°C,
20 Pa).

slightly turbid and streaks appear, because the
micelles start to align (see 2D-scattering pattern
named slightly turbid in the shear thinning regime
in Fig. 2). Above a critical shear stress value (7 ~
14 Pa) the solution gets shear thickening. Addition-
ally, the shear rate starts to oscillate and vorticity
and gradient shear bands appear, due to a further
alignment of the micelles [1]. We distinguish vor-
ticity (horizontal) and/or gradient (vertical) shear
bands. The vorticity shear bands form strips along
the flow direction which are located perpendicular
to the Couette cell axis [2, 3]. In contrast, gradi-
ent bands form concentric alternating layers around
the Couette axis (see Fig. 3 (b)) [3]. Both kinds
of shear bands appear simultaneously, in which the
vorticity shear bands dominated the visual effect

(gradient shear bands are not visible by eye) and

the gradient shear bands the rheological response,
i.e. the shear rate frequency (2.5-1073s7!) is the
same like the phase change (turbid, clear) of the
gradient shear bands (2.5 -1073s7!). Contrary to
this alternate the phases of the vorticity shear bands
(1.24-1073 s~ 1) with half the frequency of the shear
rate (see Fig. 3 (b) and (c)). We conjecture that the
shear rate oscillation is caused by a drastic change
in the micelle arrangement from isotropic (chaotic)
in the clear phase to anisotropic (alignment) in the
turbid phase. The contradiction of the scattering
pattern to this assumption is due to the following
explanation: The vorticity shear band (only one
band is detected) changes from turbid to clear with
half the frequency of the shear rate, therefore the
detected neuron events of the turbid and clear phase
is the same for the shear rate maximum and min-
imum (see the bottom row of Fig. 3 (b)). From
this it follows that the main influencing parame-
ter has to be the gradient shear bands [1]. At the
shear rate minimum the scattering pattern shows a
typical butterfly pattern (Fig. 2), which indicates
highly aligned micelles (turbid phase) at the shear
rate minimum. Conversely, the sum of all neutron
events at the shear rate maximum shows a slightly
anisotropic scattering pattern (Fig. 2), which in-
dicated a mixture of aligned (turbid) and chaotic
(clear phase) arranged micelles, where the chaoti-
cally arranged micelles are predominant. This indi-
cates a mainly clear phase from the gradient shear
bands at the shear rate maximum and only a slight
influence of turbid phases from the vorticity shear
bands.

To summarize, the differences in the SANS pat-
tern mainly results from the gradient shear bands.
In particular, at the shear rate minimum (butter-
fly pattern) a higher number of turbid shear bands
were detected (micelles are aligned), compared to
the slightly anisotropic pattern at the shear rate
maximum, which indicates a higher number of de-
tected clear bands. This supports our hypothesis,
that the shear rate is dominated by gradient shear
bands and vorticity and gradient shear bands ap-

pear simultaneously.
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Figure 4: The scattering pattern at the shear rate
minimum (valley) and shear rate maximum (peak)
are given for the four analysed solutions (CPCl with
LiSal, NaSal, KSal, or CaSaly) The sample-detector
distance, the wavelength, temperature and shear
stress are given in each figure caption (100 % D20).
On the top right hand a cutout of the table of ele-
ments for the used counterions (salts) are shown.

The appearance and the number of gradient
shear bands according to the used counterion
was investigated further to the salt-surfactant sys-
tems, LiSal/CPCl, NaSal/CPCl, KSal/CPCl, and
CaSaly/CPCL

and shear stress was adapted in such a way that

For all solutions the temperature
two vorticity shear bands appear. In doing so,
the transmittance measurements shows that LiSal
show one gradient shear band, NaSal two and KSal
(CaSaly/CPCI three gradient shear bands simulta-
neously with the vorticity shear bands [1]. An in-
creasing in the number of shear bands causes to
an overlapping of detected clear and turbid phases,
i.e. the detected time-resolved scattering pattern

are more smeared.

In summary, we show simultaneous appearance
of vorticity and gradient shear bands using the de-
tected laser signal, shear rate, video visualisation
and SANS measurements. We could show that with
increasing molecular mass (monovalent salts) the
number of gradient shear bands decrease for the
same experimental conditions (number of vorticity

shear bands, temperature und shear stress). In the

two-vorticity shear band state the counterion va-
lency has no influence on the number of gradient
shear bands.

From the data acquired from these triggered rheo-
SANS experiments in the shear band regime, so far
only common structural properties of both shear
band types were accessible, but the data analysis

for these experiments are not finished until now.
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