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Structure and Pertinent Length Scale of a Discotic Clay Gel
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A characteristic length scale of the structure of a thixotropic colloidal clay suspension of dis
texture was demonstrated by static light scattering. The length scale, of the order of a m
corresponds to a fractal dimension that increases from 1 to 1.8 close to a critical volume fra
Simultaneously, the change in yield stress with the volume fraction was studied by the vane meth
scaling law enabled these fractal dimensions to be correlated with the effect of the volume fract
the yield stress. [S0031-9007(96)00429-2]
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The material investigated was a suspension of synth
hectorite-type clay (Laponite). In an aqueous mediu
this forms a transparent thixotropic gel above a c
tain volume fraction, at a low ionic strengths#5 3

1023 molyld and pH of 9.5. The clay consists of dis
cotic particles of uniform size, about 30 nm in diame
and about 2 nm in thickness [1]. Owing to its high p
rity and very small crystal size, this is perfectly suited
light scattering measurements as, unlike natural clay
the same concentration, it does not produce any mul
scattering.

A matter of crucial importance in the field of colloid
suspensions is to relate the macroscopic bulk properti
the mesoscopic properties of the system, i.e., its struc
Indeed, this type of colloidal suspension exhibits stron
non-Newtonian behavior under shear. The main feat
of this are the appearance of a yield stress, the rever
time dependence of its viscoelastic properties and the
calization of shear in the strain field [2]. These mac
scopic properties depend to a great extent on the phy
parameters of the system and must be closely linked
particle organization and interactions within the susp
sion. This is why it is of prime importance to establi
relationships between the structural changes produce
variations in these physical parameters and the mech
cal properties of the suspension.

Many structural models relating to this clay suspens
have already been proposed by different authors in o
to try to explain the mechanism of gel formation and
thixotropic behavior. Certain authors have described
formation of a so-called “house of cards” network, wh
electrostatic attraction appears to occur between the e
of the positively charged platelets and the negativ
charged faces [3,4]. Others have concluded that
particles are associated with one another in tacto
i.e., piles of two to four individual platelets separat
by a few layers of water [5,6]. Finally, Ramsay a
Lindner concluded from small-angle neutron scatter
measurements that the formation of an equilibrium
structure is due essentially to repulsion between
individual clay microcrystals [7]. They detected sho
0031-9007y96y76(25)y4857(4)$10.00
tic
,

r-

r
-

at
le

to
re.
y
es
ble
o-
-
cal
th
-

by
ni-

n
er
s
e

e
es

ly
e
s,

g
l
e

-

range correlation and alignment between the particles
a structure which is isotropic over longer ranges.

The preceding studies revealed, on the one hand,
existence and nature of the interactions occurring betw
the suspended particles and, on the other hand,
structural schemes. However, as far as the present aut
are aware, no pertinent length scale has been propose
the structure in suspensions of Laponite. The purpose
this Letter is twofold: first, to identify these characterist
length scales and relate them to a macroscopic rheome
property of the suspension and second, to define
influence of the volume fraction on the value of the yie
stress and identify a scaling law that will be related
the fractal dimension of the objects. The yield stre
corresponds to the total energy that is required in
suspension to break the network of particles.

The clay is mixed in a solution of distilled water an
NaCl at a concentration of1023 molyl at a temperature
of about 20±C. Interactions between the particles devel
during the swelling that occurs following preparation of th
suspension. The suspended particles are then subject
electrostatic repulsion and attraction effects that comp
with the van der Waals attraction, interparticle volume e
fects, and Brownian motion. Changes were observed
the elastic moduli and fractal dimensions of the pres
system over periods of several weeks, but will not be
ported here. This temporal instability is probably due,
the one hand, to osmotic swelling caused by repulsion
tween the double layers and, on the other hand, to the p
gressive organization of the particles in fractal aggrega
over increasing distances. In the remainder of this disc
sion, the rest time elapsing between the end of the pre
ration phase and the performance of the test will be ab
200 days, i.e., greater than the equilibrium gelation tim
ThepH value of all the preparations studied was adjust
to 9.5 in order to avoid any congruent dissolution of th
material. Indeed, Thomson and Butterworth [8] show
that there is significant dissolution of magnesium silica
with pH values of less than 7. The study domain co
responds to that in which a thixotropic gel is obtaine
With a weak ionic strengthsfNaClg  1023 molyld, at a
© 1996 The American Physical Society 4857
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pH of 9.5, this domain extends in concentration fro
0.9 3 1022 to 5 3 1022 gyml, corresponding to a volum
fraction fy of 0.35 to 2%. The density of the particles
2.53 g/cm3 [6].

The structure was examined by static light scatter
(SLS) over a wave vector domain ranging from2 3 1025

to 4 3 1024 Å21. The scattering vectorQ is defined as
Q  s4pnyld sinsuy2d, wheren is the refractive index
of the suspending medium,l the wavelength of the
radiation, andu the scattering angle. The laser test faci
used for the experiment was developed and built at
Laboratoire de Rhéologie at Grenoble [9]. It cons
of a 2 mW laser beam (He-Ne) with a wavelengthl 
6328 Å and a Fresnel lens acting as scattering screen.
detector is a video camera with a charge coupled de
752 3 582 pixel sensor. Image processing is used for
analysis, and the conventional integration operations
carried out by a specific software. The sample is pla
between two plates of glass in a parallel-sided shear
The thickness of the sample is fixed at 0.30 mm,
transmission measurements give satisfactory results
this thicknesssItransyIinc ø 0.95d.

Yield stress measurements were carried out u
the vane method on a Weissenberg-Carrimed contro
speed rheometer. These enabled the change in
stress to be defined as a function of volume fract
The measurement principle is the following: Two fi
rectangular blades intersect at 90± to form a crosssh 
40.5 mmd high and sd  19.9 mmd in diameter. This
vane is connected to a torque sensor and is plun
slowly into a recipient containing the suspension
rest. After waiting 10 min, the recipient is then rotat
at an angular speed of1 3 1023 radys and the torque
exerted by the suspension on the vane is recorded
means of torsion bars. This method has long been
in studying the mechanics of granular media and
already been employed on bentonite gels [10]. The st
s0 as a function of the torqueT0 is given by s0 
spd3y2d shyd 1

1
3 dT0. During start-up with a low shea

rate, the stress increases linearly with time, correspon
to elastic strain of the material. There is then a devia
from this linear pattern, leading to a maximum stre
which is taken to be the yield stress of the suspens
The experimental error over the yield stress measu
is 25%. This method was chosen as it causes l
structural disruption when the vane is introduced into
sample. In addition, it avoids the phenomenon of wall s
which is frequently found with other conventional she
measurement geometries.

Light scattering measurements revealed a characte
dimension of the structure of the order of a micron a
enabled a fractal behavior depending on the volume f
tion to be defined. Fractal behavior can be observed w
there is a sufficient number of particles in the aggreg
for it to have the same internal structure repeatedly o
a length much larger than the size of the component
4858
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ticles. There is then a relation of the typeIsQd ø Q2D ,
in which D is the fractal dimension of the aggregate [1
Figure 1(a) shows the intensity of scatteringIsQd as a
function of the wave vector, with a fixed ionic streng
sfNaClg  1023 molyld and fixedpH spH  9.5d. For
all volume fractions, the intensity of scattering follows
Q23 power law decay over a wave vector domain ra
ing from 2 3 1024 to 1.2 3 1024 Å21. This Q23 power
law decay has already been detected on Laponite
[12,13] using SAXS, for a wave vector domain rangi
from 5 3 1024 to 3 3 1023 Å21. This Q23 power law
decay, according to these authors, is attributed to the
istence of microdomains which are connected to form
large scale dense structure. A break of thisQ23 power
law around1.2 3 1024 Å21 then extendsIsQd by an-
other power law of the typeQ2D over a wave vector do
main ranging from1.2 3 1024 to 2 3 1025 Å21. The
change in the slopeIsQd near a wave vector equal t
1.2 3 1024 Å21 and the fractal behavior demonstrate t
existence of micron-sized aggregates. The fractal dim
sion D over this domain depends on the volume fracti
Experimental data scatter over fractal dimensionsD is
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FIG. 1. (a) SLS of suspension of Laponite under sta
conditions at different volume fractions. (b) Evolution of yie
stress at different volume fractions.fNaClg  1023 molyl,
pH  9.5.
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5%, taking into account several measurements at all v
ume fractions. For a volume fraction close to the sol-g
transitionsfy ø 0.35%d, the fractal dimensionD is equal
to 1 6 0.05, suggesting a very loose filament arrangem
of the micron-sized aggregates. When the volume fr
tion increases beyond 0.55%, the critical concentrati
there is a sudden variation in the fractal dimension, wh
rises from unity near the sol-gel transition to1.8 6 0.1 for
immediately higher volume fractions. The fractal dime
sion of 1.8 suggests a more compact arrangement of
micron-sized aggregates, possibly obtained through
diffusion-limited aggregation model [14] or the cluste
cluster aggregation model [15]. Finally, atQ values be-
low 2 3 1025 Å21, the scattering curve becomes fla
indicating that there are no heterogeneities of sizes lar
than R  5 mm, the maximum radius of gyration of th
fractal aggregates.

A scaling law [9] developed on a silica-silicon com
pound in a semidilute [16] fractal object domain enab
the fractal dimension measured by light scattering to
linked to the change in yield stress as a function of t
volume fraction. The scaling law is defined as follow
s0 ø bskTya3d sRyad sFyd4ys32Dd, in which s0 is the
yield stress,fy the particle volume fraction,D the fractal
dimension,b take into account the rigidity of the struc
ture, as well as a volume fraction cofactor due to the in
density of subunits and in addition effective interactio
much larger thankT . k is the Boltzmann constant,T the
temperature,a the radius of a single particle (here a sing
subunit), andR the radius of gyration of the aggregates.

Yield stress measurements using the vane method s
that there are two power law relations governing yie
stress as a function of the volume fraction Fig. 1(b
The first (dependence to power3 6 0.3) occurs with
gels whose volume fraction ranges from 0.6% to 2
With these gels, the fractal dimension of the micron-siz
aggregates is1.8 6 0.1, corresponding to a prediction
s0 ~ F3.360.3

y , according to the above scaling law. Th
second dependence (power2 6 0.3) occurs with gels
close to the sol-gel transitionsfy  f0.35, 0.48g%d. With
these low volume fractions, the fractal dimension
the micron-sized aggregates is1 6 0.05, which gives a
yield stress behavior of the types0 ~ F260.05

y , using the
scaling law.

There is obviously good agreement between the rh
metric measurements and the predictions based on
scaling law associated with light scattering measureme
The change in behavior of the yield stress near the c
cal concentration (around 0.55%) is correctly describ
by both the light scattering measurements and rheome
measurements. Below the critical concentration a fr
tal dimension of unity suggests a beam-type alignmen
the micron-sized aggregates, leading to the formation o
mechanically weak fibrous structure. Beyond the critic
concentration, the transition to a fractal dimension of 1
would then correspond to an entanglement of these fib
l-
l

t
-
,

h

he
e

er

s
e
e

r

w

.

.
d

f

o-
he
s.
i-
d
ic
-
f
a
l
8
rs

FIG. 2. Structure of Laponite according to volume fraction
and fractal dimensions.

that would thus form a denser network of the micron-siz
aggregates, which is mechanically more resistant (Fig.

In conclusion, this study of a discotic colloidal cla
suspension identified a characteristic length scale of
structure of the order of a micron. The network that
created as the suspension swells, leading to the forma
of a thixotropic gel, is due to the formation of micron
sized aggregates with a fractal dimension that depends
the volume fraction. This influence of the volume fractio
on the fractal dimension was correlated with the chan
in yield stress according to volume fraction by means o
scaling law.

This work stresses the following point: It is nece
sary to conduct a careful analysis of the structure
concentrated colloidal suspensions in order to underst
their rheological behavior. A correlation was establish
between the fractal dimensions and the yield stress
rheometrical property of this clay suspension. It can
noticed that the influence of the fractal dimension on
change in a yield stress as a function ofpH in natu-
ral clay suspensions of Bentonite [17] has already be
pointed out, as well as its influence on the change in el
tic moduli with volume fraction in boehmite alumina gel
[18]. All these correlations suggest that the gels at ha
are suspensions of big objects, made by a more or
open aggregation of dense subunits. This point is cruc
as it is these scales of the largest structure (the big obje
that are mainly responsible for the rheological behavio
observed in these types of suspension.

Laboratoire de Rhéologie is supported by the Unive
sité Joseph Fourier Grenoble I, Institut National Polytec
nique de Grenoble, and is UMR 5520 of CNRS.
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