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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 discotic
texture was demonstrated by static light scattering. The length scale, of the order of a micron,
corresponds to a fractal dimension that increases from 1 to 1.8 close to a critical volume fraction.
Simultaneously, the change in yield stress with the volume fraction was studied by the vane method. A
scaling law enabled these fractal dimensions to be correlated with the effect of the volume fraction on
the yield stress. [S0031-9007(96)00429-2]

PACS numbers: 83.70.Hq

The material investigated was a suspension of synthetiange correlation and alignment between the particles, in
hectorite-type clay (Laponite). In an aqueous mediuma structure which is isotropic over longer ranges.
this forms a transparent thixotropic gel above a cer- The preceding studies revealed, on the one hand, the
tain volume fraction, at a low ionic strength=5 X existence and nature of the interactions occurring between
1073 mol/l) and pH of 9.5. The clay consists of dis- the suspended particles and, on the other hand, the
cotic particles of uniform size, about 30 nm in diameterstructural schemes. However, as far as the present authors
and about 2 nm in thickness [1]. Owing to its high pu-are aware, no pertinent length scale has been proposed for
rity and very small crystal size, this is perfectly suited tothe structure in suspensions of Laponite. The purpose of
light scattering measurements as, unlike natural clays dhis Letter is twofold: first, to identify these characteristic
the same concentration, it does not produce any multipleength scales and relate them to a macroscopic rheometric
scattering. property of the suspension and second, to define the

A matter of crucial importance in the field of colloidal influence of the volume fraction on the value of the yield
suspensions is to relate the macroscopic bulk properties &iress and identify a scaling law that will be related to
the mesoscopic properties of the system, i.e., its structur¢he fractal dimension of the objects. The yield stress
Indeed, this type of colloidal suspension exhibits stronglycorresponds to the total energy that is required in the
non-Newtonian behavior under shear. The main featuresuspension to break the network of particles.
of this are the appearance of a yield stress, the reversible The clay is mixed in a solution of distilled water and
time dependence of its viscoelastic properties and the IdNaCl at a concentration of0~3 mol/l at a temperature
calization of shear in the strain field [2]. These macro-of about 20°C. Interactions between the particles develop
scopic properties depend to a great extent on the physicdlring the swelling that occurs following preparation of the
parameters of the system and must be closely linked witsuspension. The suspended particles are then subjected to
particle organization and interactions within the suspenelectrostatic repulsion and attraction effects that compete
sion. This is why it is of prime importance to establish with the van der Waals attraction, interparticle volume ef-
relationships between the structural changes produced Bgcts, and Brownian motion. Changes were observed in
variations in these physical parameters and the mechartihe elastic moduli and fractal dimensions of the present
cal properties of the suspension. system over periods of several weeks, but will not be re-

Many structural models relating to this clay suspensiorported here. This temporal instability is probably due, on
have already been proposed by different authors in ordghe one hand, to osmotic swelling caused by repulsion be-
to try to explain the mechanism of gel formation and itstween the double layers and, on the other hand, to the pro-
thixotropic behavior. Certain authors have described thgressive organization of the particles in fractal aggregates
formation of a so-called “house of cards” network, whereover increasing distances. In the remainder of this discus-
electrostatic attraction appears to occur between the edgsmon, the rest time elapsing between the end of the prepa-
of the positively charged platelets and the negativelyration phase and the performance of the test will be about
charged faces [3,4]. Others have concluded that th200 days, i.e., greater than the equilibrium gelation time.
particles are associated with one another in tactoidsThe pH value of all the preparations studied was adjusted
i.e., piles of two to four individual platelets separatedto 9.5 in order to avoid any congruent dissolution of the
by a few layers of water [5,6]. Finally, Ramsay and material. Indeed, Thomson and Butterworth [8] showed
Lindner concluded from small-angle neutron scatteringhat there is significant dissolution of magnesium silicate
measurements that the formation of an equilibrium gelith pH values of less than 7. The study domain cor-
structure is due essentially to repulsion between theesponds to that in which a thixotropic gel is obtained.
individual clay microcrystals [7]. They detected short- With a weak ionic strengtffNaCl] = 10~3 mol/l), at a
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pH of 9.5, this domain extends in concentration fromticles. There is then a relation of the typ@) =~ Q 7,
0.9 X 1072to5 X 102 g/ml, corresponding to a volume in which D is the fractal dimension of the aggregate [11].
fraction ¢, of 0.35 to 2%. The density of the particles is Figure 1(a) shows the intensity of scatterif@Q) as a
2.53 glcnt [6]. function of the wave vector, with a fixed ionic strength
The structure was examined by static light scattering[NaCl] = 103 mol/l) and fixedpH (pH = 9.5). For
(SLS) over a wave vector domain ranging franx 1073 all volume fractions, the intensity of scattering follows a
to4 x 107* A~!. The scattering vecto@ is defined as Q> power law decay over a wave vector domain rang-
Q = (4mn/A) sin(6/2), wheren is the refractive index ing from2 X 1074to 1.2 X 107* A='. ThisQ 3 power
of the suspending medium) the wavelength of the law decay has already been detected on Laponite gels
radiation, and the scattering angle. The laser test facility [12,13] using SAXS, for a wave vector domain ranging
used for the experiment was developed and built at thébom 5 X 107%to 3 X 1073 A=, This 03 power law
Laboratoire de Rhéologie at Grenoble [9]. It consistsdecay, according to these authors, is attributed to the ex-
of a 2 mW laser beam (He-Ne) with a wavelength=  istence of microdomains which are connected to form a
6328 A and a Fresnel lens acting as scattering screen. THarge scale dense structure. A break of this® power
detector is a video camera with a charge coupled devicw around1.2 X 10°* A~! then extends/(Q) by an-
752 X 582 pixel sensor. Image processing is used for theother power law of the typ® ~? over a wave vector do-
analysis, and the conventional integration operations armain ranging from1.2 X 107* to 2 X 107> A=, The
carried out by a specific software. The sample is placedhange in the slopd(Q) near a wave vector equal to
between two plates of glass in a parallel-sided shear cell.2 X 10~* A~! and the fractal behavior demonstrate the
The thickness of the sample is fixed at 0.30 mm, andxistence of micron-sized aggregates. The fractal dimen-
transmission measurements give satisfactory results faion D over this domain depends on the volume fraction.
this thickness/;;ans/Iinc = 0.95). Experimental data scatter over fractal dimensidnss
Yield stress measurements were carried out using
the vane method on a Weissenberg-Carrimed controlled
speed rheometer. These enabled the change in yield 1(Q)
stress to be defined as a function of volume fraction. 7
The measurement principle is the following: Two fine 10 3
rectangular blades intersect at°a® form a crossh = i
40.5 mm) high and (d = 19.9 mm) in diameter. This I
vane is connected to a torque sensor and is plunged 106 3
slowly into a recipient containing the suspension at g
rest. After waiting 10 min, the recipient is then rotated I 3
at an angular speed df X 1073 rad/s and the torque 105 L 060<0 <2 % Q
exerted by the suspension on the vane is recorded by 2 B $0,52% \
means of torsion bars. This method has long been used I +035<6¢,2048 %
in studying the mechanics of granular media and has 104 - .
already been employed on bentonite gels [10]. The stress B - .
oo as a function of the torqudy is given by o = 107 10 Q@A™
(wd®/2) (h/d + %)TO. During start-up with a low shear 10° E T — 3
rate, the stress increases linearly with time, correspondin¢_._ - 3
to elastic strain of the material. There is then a deviation £ i
from this linear pattern, leading to a maximum stress, ., T
which is taken to be the yield stress of the suspension §
The experimental error over the yield stress measurec & 10
is 25%. This method was chosen as it causes little=

structural disruption when the vane is introduced into theé‘:’ 50-d

sample. In addition, it avoids the phenomenon of wall slip 5
which is frequently found with other conventional shear ¢ 1 g
measurement geometries. 10 (b) 0 v

Light scattering measurements revealed a characteristi e 10
dimension of the structure of the order of a micron and 0.1 1 5
enabled a fractal behavior depending on the volume frac- Volume fraction (%)
tion to be defined. Fractal behavior can be observed whe, . . .
there is a sufficient number of particles in the aggregat IG. 1. (a) SLS of suspension of Laponite under static

. . p 9gregal@ongitions at different volume fractions. (b) Evolution of yield

for it to have the same internal structure repeatedly ovegtress at different volume fractions[NaCi] = 1073 mol/,
a length much larger than the size of the component papH = 9.5.

Fractal dimension

‘
o
!
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5%, taking into account several measurements at all vol
ume fractions. For a volume fraction close to the sol-gel
transition(¢, = 0.35%), the fractal dimensio® is equal

of the micron-sized aggregates. When the volume frac
tion increases beyond 0.55%, the critical concentration \g,
there is a sudden variation in the fractal dimension, which
rises from unity near the sol-gel transitionlit8 =+ 0.1 for
immediately higher volume fractions. The fractal dimen-
sion of 1.8 suggests a more compact arrangement of th
micron-sized aggregates, possibly obtained through th
diffusion-limited aggregation model [14] or the cluster-
cluster aggregation model [15]. Finally, @t values be-
low 2 x 1073 A~!, the scattering curve becomes flat, FIG. 2. Structure of Laponite according to volume fractions
indicating that there are no heterogeneities of sizes largemd fractal dimensions.
thanR = 5 um, the maximum radius of gyration of the
fractal aggregates.

A scaling law [9] developed on a silica-silicon com-

D=1 D=18
035% < ¢, <0.48% 0.60% < 0, <2%

that would thus form a denser network of the micron-sized
pound in a semidilute [16] fractal object domain enable?99regates, which is mechanically more resistant (Fig. 2).

the fractal dimension measured by light scattering to be In con'clusflon, 'th|s study of a .d'SCOt'C colloidal clay
suspension identified a characteristic length scale of the

linked to the change in yield stress as a function of thet ) £ th d f ! Th work that |
volume fraction. The scaling law is defined as foIIows:zr;u;[eudreag theesgsrp;;or? srwglrl(; n'lea di(r-:;gnt% Vtvr?é forrﬁatliso n
~ 3 4/3-D) ; ; ; )
7o = B(T/a”) (R/a) () , in which ¢y is the of a thixotropic gel, is due to the formation of micron-
dimension,B take into account the rigidity of the struc- sized aggregates with a f(actal dimension that depenqls on
X }he volume fraction. This influence of the volume fraction

ture, as well as a volume fraction cofactor due to the inneOn the fractal dimension was correlated with the change
density of subunits and in addition effective interaction. 9

much larger thaT. k is the Boltzmann constart, the in yield stress according to volume fraction by means of a
- X . L scaling law.

temperatureg the radius of a single particle (here a single : . - .

subunit), ancR the radius of gyration of the aggregates. This work stresses the following point; It is neces-

Vield tress measurements using the vane method shof ™ 22 SR & RO RS 8 UGS T
that there are two power law relations governing yield P

stress as a function of the volume fraction Fig. 1(b)_thew rheological behavior. A correlation was established

The first (dependence to pow@r+ 0.3) occurs with between the fractal dimensions and the yield stress, a

gels whose volume fraction ranges from 0.6% to 20/O.rheometrical property of this clay suspension. It can be

With these gels, the fractal dimension of the micron-sizedgﬁgﬁeg ti?]a;thzlg'fgfggse ;); t:efuf;?:(t:iﬁ d'mﬁgs:glu?n a

aggregates id.8 = 0.1, corresponding to a prediction 9 yiel . ok

7o o 3303 according to the above scaling law. The ral clay suspensions of Bentonite [17] has already been
v ! .

second dependence (powerz 0.3) occurs with gels pointed out, as well as its in_flue_nce on th_e change in elas-
close to the sol-gel transitii, = [0.35,0.48]%). With tic moduli with volume f_ractlon in boehmite alumina gels

these low volume fractions, the fraE:taI dimension of[ls]' All the?'e correla_ltlons' suggest that the gels at hand
the micron-sized aggregates s+ 0.05, which gives a are suspensions of big objects, made by a more or less

yield stress behavior of the typey, o 2095 using the open aggregation of dense subunits. This point is crucial

scaling law as it is these scales of the largest structure (the big objects)
There is lobviously good agreement between the rheot_hat are mainly responsible for the_rheological behaviors

metric measurements and the predictions based on tﬁ)é)served n these typps of_su_spensmn. .
Laboratoire de Rhéologie is supported by the Univer-

scaling law associated with light scattering measurements. ; . ' .
; : : .Sité Joseph Fourier Grenoble 1, Institut National Polytech-
The change in behavior of the yield stress near the criti ique de Grenoble, and is UMR 5520 of CNRS.
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