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Butterfly Light Scattering Pattern and Rheology of a Sheared Thixotropic Clay Gel
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(Received 28 July 1997)

The behavior of a thixotropic clay gel under shear flow is studied by combining a static light
scattering technique and rheometric measurements. In the rest state, the gel structure is compose
of micrometer-sized aggregates associated as a fractal mass. Under steady shear, a butterfly
type light scattering pattern is observed. This can be related to a contraction and a stretching
of the micrometer-sized aggregates, perpendicularly to the shear direction. The influence of the
shear rate on the disaggregation process is also studied and correlated to rheometric measurement
[S0031-9007(97)04678-4]

PACS numbers: 83.70.Hq, 82.70.–y, 83.50.Ax
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Knowledge of the flow-induced structure in thixotropic
colloidal suspensions is of crucial importance in unde
standing the complex rheological behavior observed
these materials. Indeed, species dispersed through
matrix of these systems form aggregates under the
fect of attractive and repulsive forces. This can produce
continuous aggregated structure throughout the availa
volume of the sample. These materials may then ha
yield stresses and/or viscoelastic properties that are
pendent upon both time and shear rate. To understa
these strongly nonlinear types of behavior, the aggreg
tion processes under shear flow can be studied either
means of theoretical and numerical models [1–4], or r
diation scattering measurements [5,6]. A combination
scattering techniques and rheometric measurements is
vital interest in the experimental study of such materials

This article reports on the experimental study of
model material, namely, a synthetic clay of the hectori
type, Laponite. This consists of disk-shaped particle
30 nm in diameter and 2 nm thick [7]. In an aqueou
medium at low ionic strengthfNaClg , 5 3 1023 molyl
and with a pH  9.5, this clay forms a transparent
thixotropic gel [8].

Contrary to what is commonly accepted concernin
these clay suspensions, study of the structure at rest [9,
showed that it is the large length scales (of the order
one micrometer) that govern their macroscopic behavio

The aim of this article is to examine the influenc
of shear flow on structural changes in these thixotrop
suspensions at large length scales, and to link these w
their macroscopic properties. The effect of shear ra
intensity will also be studied.

To do this, rheometric bulk measurements were com
bined with static light scattering in the suspensions und
shear flow. The results are compared with Potanin’s the
retical results on disaggregation under shear [2].

The Laponite XLG suspensions were prepared und
high shear in a solution of distilled water and NaC
s1023 molyld at a temperature of 20±C. A transparent
thixotropic gel at apH of 9.5 is obtained in a clay
concentration domain extending from0.9 3 1022 to 5 3
0031-9007y97y79(23)y4689(4)$10.00
r-
in
the
ef-
a

ble
ve
de-
nd
a-
by

a-
of

of
.
a
te
s,
s

g
10]
of
r.
e
ic
ith
te

-
er
o-

er
l

1022 gyml, which corresponds to a volume fractionfy of
0.35 to 2% [9].

Rheometric measurements were carried out on a c
trolled speed rheometer (Weissenberg-Carrimed). T
types of configuration were studied: first, a plate-plate
rangement with quart disks of radius 20 mm, of roughn
about 0.05 mm, and gap width 0.4 mm, and second,
cone-plate arrangement (angle 4±21, radius 24.5 mm) for
which the surface of the apparatus was covered with g
paper of200 mm roughness. In a previous article [8],
was shown that instabilities occur in flowing thixotrop
and yield stress fluids. By monitoring the kinematic fie
it was possible to determine the volume fraction a
shear rate domains for which correct deformation occ
throughout the entire bulk of the sample. For all the s
pensions studied in this article, the stresses are higher
the yield stress of the material, and the flow regimes c
respond to homogeneous macroscopic deformations o
sample, without interface effects such as wall slip.

The laser scattering facility used for this study w
the same as previously [9]. A specific tight shear c
was built for the experiment reported hereafter. T
sample, which has a fixed thicknesse0  0.4 mm, is
sheared between two parallel quartz disks, one of wh
is turned at an angular rotation speedv around the
axis Ox (Fig. 1). The laser beam is directed alongOx,
perpendicular to the disks held in the planeOyx, at a point
along the horizontal axisOz, situated at a distanceRc

from the axis of rotationOx. The velocityV  2yy, is
collinear to the axisOy. The intensity of scattering due t
the sample is measured by the 2D detector along the p
Oyz. Consequently, the plane of observation correspo
to the planesy, zd. The local shear rateÙg  Rcvye0

at a given radiusRc is therefore in the planeOxy.
The scattering intensityIsu, cd is recorded throughou
the test by means of the camera and video systemu
is the scattering angle, andc is the azimuthal angle
required to track the shape anisotropy in the scatte
pattern. The scattering vectorQ has a modulus defined b
Q  s4pnyld sinsuy2d which extends from2 3 1025 to
4 3 1024 Å21 (n is the refractive index of the suspendin
© 1997 The American Physical Society 4689
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FIG. 1. SLS under shear. Plane-plane shear cell and coor
nate system for the optical setup.

medium, l the radiation wavelength). All the patterns
were taken with the same exposure time of1y2000 s.

At rest, the structure was studied by combining sca
tering measurements for various types of radiation x-ray
neutrons, and light) [9,10]. The network that is set up a
the suspension swells to form a thixotropic gel is due to th
formation of micrometer-sized aggregates consisting of
dense pile of subunits measuring a few tens of nanom
ters. The micrometer-sized aggregates, which combine
a fractal mass with a fractal dimensionD, form the continu-
ous three-dimensional isotropic structure that gives the g
its texture. The gelation time, denotedtp, corresponds to a
slow aggregation process (taking several weeks), the kin
ics of which are heavily dependent on the particle volum
fraction. In a volume fraction domain close to the so
gel transitions0.35% # fy # 0.56%d, the micrometer-
sized aggregates form bundlessD  1 6 0.05d, giving the
gels a fibrous texture [Fig. 2(a)] and then the aggreg
tion process stabilizes after about 100 days. In a hi
volume fraction domains1.20% # fy # 2%d, the struc-
ture is more heterogeneous, with zones of dense and l
dense particle concentrationssD  1.8 6 0.01d, and then

FIG. 2. Structure of Laponite (a) at rest (caseD  1)
(b) under shear below the critical shear rate, and (c) und
shear beyond the critical shear rate.
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the gelation stabilization time is about 200 days. Betwe
these two volume fraction domains, there is a transit
zone (with the fractal dimension rising from 1 to 1.8
corresponding to an entanglement of the micrometer-si
aggregate fibers to produce an increasingly dense st
ture. It has been demonstrated that the fractal dimens
of the structure and hence the particle density in the
gregates governs the changes in yield stress with volu
fraction [9,10].

Under steady shear, gels belonging to the volu
fraction domain for which the fractal dimension of th
fibrous structures is of the order of1 6 0.05 produce
extremely anisotropic scattering patterns. A butterflyli
scattering pattern can be seen at shear rates of 10
40 s21 [Figs. 3(a2) and 3(a3)].

A butterflylike scattering pattern of this kind has alrea
been observed on silica-silicone composites [11,12] or
semidilute entangled polymers [13] and also on sem
lute aqueous solution of wormlike micelles [14,15]. B
here, the structure of Laponite gels at rest is compo
of bundles of micrometer-sized aggregates that give

FIG. 3. SLS of suspension of Laponite under shear atfy 
0.56%, fNaClg  1023 molyl, pH  9.5, tp  150 days.
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fractal dimensionD  1 and notD  1.8 as in silica-
silicone composites. This form of scattering pattern
attributed to fluctuations in the particle or aggregate co
centrations in the direction of flow, while no heterogen
ity is detected perpendicular to the flow. This implie
that the scattering intensity increases parallel to the dire
tion of flow, while a dark streak appears perpendicular
it [6]. The scattering intensityIsu, cd can be written as
the following Fourier transformation of the spatial corre
lation function of concentration fluctuations in density o
particles:

Isu, cd  A
Z

drkdcsrddcs0dleiQ ? r 
A
c

SfQsu, cdg ,

where SfQsu, cdg is the structure factor, anddcsrd, is
the fluctuation in clay particle concentration at the po
sition rsu, cd. DeGrootet al. [12] suggested that shea
makes the largest flocs contract in the direction of flo
by rolling themselves up and turning their main axis pe
pendicular to the velocity, thus forming a rollerlike struc
ture. According to them, this deformation and stretchin
of the aggregates causes the development of a butterfly
scattering pattern.

The present authors tried to link the rheometric behav
of the samples to these structural observations obtain
by light scattering. The stress value of the steady regim
corresponds to a certain state of destructuring of t
aggregate network. Depending on the shear rate appl
it is possible to observe various states of the structu
in steady regime (Fig. 3). With an increasing shear ra
the dark streak perpendicular to the direction of sheari
decreases until it is completely filled by the scatterin
intensity in the direction of flow [Fig. 3(a4)]. Above
a critical shear rate, the butterflylike scattering patte
is replaced by an anisotropic scattering pattern with
extinction of the scattering intensity perpendicular to th
direction of flow [Fig. 3(a5)]. When shearing is stoppe
after the high rate of180 s21, the scattering pattern remain
slightly anisotropic [Fig. 3(a6)]. The return to an isotropi
scattering pattern characteristic of rest [Fig. 3(a1)] occu
over large length scales (several hours), corresponding
the time taken by the sample to recover its macrosco
properties after heavy shearing [8]. This demonstra
the thixotropic character of this colloidal suspension, an
in particular, the reversible character of the aggregati
process.

Figure 4 shows the scattering intensityIy parallel to
the velocity direction andIz perpendicular to it.Iy andIz

are obtained by integration of patterns on a strip ofQ 
0.53 mm21 wide, centered to the beam stop. At res
the scattering is directionally independent, characteris
of scattering from homogeneous isotropic dispersion.
increasing shear rate and below the critical shear ra
scattering is enhanced along the velocity direction, a
the scattering intensity normal to it is reduced. At40 s21,
IyyIz increases from about 2 to 5 for theQ domain
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FIG. 4. Intensity distributions along the velocity directionsIyd
and normal to it sIzd. fy  0.56%, fNaClg  1023 molyl,
pH  9.5, tp  150 days.

extending from 6 3 1025 to 3 3 1024 Å21. Above
the critical shear rate, at180 s21, the scattering again
becomes isotropic, and both the intensitiesIy and Iz

weaken on theQ domain extending from2 3 1025 to
1024 Å21. This decrease in intensity at length scales o
about one to five micrometers seems to show that th
breakdown of the gel is mainly attributed to an alteration
of fractal structure, at the highest length scales probed i
the gel.

On the steady regime flow curve (Fig. 5) this change
in structure at increasing shear rate is characterized b
an increase in stress (a decrease in the viscosity of th
suspension). Close to the critical shear rate, which her
is about130 s21, there is a change in the slope of the
stress versus shear rate curve. Beyond the critical she
rate, stress rises faster with shear rate, corresponding
the disappearance of the butterflylike scattering pattern
and the reduction of the scattering intensity.

FIG. 5. Shear stress level in steady regime, as a functio
of shear rate.fy  0.56%, fNaClg  1023 molyl, pH  9.5,
tp  150 days. The labels (ai) correspond to the scattering
patterns (a1)–(a5) on Fig. 3.
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It is interesting to recall the results of the work carrie
out on the structure of Laponite suspensions under she
using small-angle neutron scattering techniques [7].
these small length scales (from 1 to 100 nm) on Lapon
suspensions subjected to high shear, no particle alignm
was noted when shear was applied. This corroborates
conclusion that it is indeed at large length scales that t
effect of shear on the structure is preponderant.

In the light of these results, a possible interpretatio
may be proposed for the change in structure of Lapon
suspensions under shear. This is as follows. At lo
shear rates, under the effect of hydrodynamic forces, t
micrometer-sized aggregates contract and roll up on the
selves. They form more concentrated rollers than in t
remainder of the suspension. These rollers are aligned
a direction perpendicular to the flow [Fig. 2(b)]. Beyond
a critical shear rate, no further contraction is possibl
and the roller-shaped aggregates are then broken up i
pieces [Fig. 2(c)]. The size of the suspended aggrega
then decreases as the shear rate increases. The scatt
pattern becomes increasingly isotropic and less and le
intense. This suggests that the suspension consists of
jects of ever decreasing size at the length scale observ
Such an interpretation is consistent with theoretical stu
ies performed on the disaggregation process during flo
[2–4]. This theoretical study also proposes the existen
of a critical shear rate, beyond which any additional co
traction of the aggregate is impossible. The destructuri
process corresponds then to a fall in the number of par
cles per aggregate at a constant fractal dimension, and
breakup can be attributed to mechanical stresses.

In conclusion, this study reveals the main mechanism
involved in the disaggregation of flowing thixotropic
suspensions of Laponite, thanks to a combination of lig
scattering and rheometric measurements. For the fi
time, a butterflylike scattering pattern has been observ
in a thixotropic suspension of clay for which the structur
at rest has a fractal dimensionD  1. Furthermore, this
study shows that it is indeed the length scale of th
order of one micrometer that governs the highly non
Newtonian behavior found in these clay suspension
4692
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In addition, the disaggregation process that occurs
Laponite suspensions during flow validates the theoreti
study carried out [1–4] and demonstrates the existence
a critical shear rate.

Lastly, this article recalls the crucial advantages
combining physical techniques for investigating the stru
ture of materials and rheometric measurements, with
view to understanding the complex rheological behav
of this type of thixotropic colloidal suspension.
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