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The characteristic length scales of the structure and fractal behavior of a thixotropic colloidal suspension of
synthetic clay were studied by using a combination of small-angle neutron and x-ray scattering and static light
scattering. At the same time, macroscopic mechanical behavior at rest was characterized by means of rheo-
metric measurements. Two characteristic length scales were detected in these yield stress suspensions of
discotic texture. The first, measuring several tens of nanometres, is linked to a fractal dimension of 3. The
second, of the order of &m, is linked to a fractal behavior of dimensi@h that increases with the particle
volume fraction. Consequently, it is suggested that the structure of the dispersions at rest is composed of
subunits measuring a few tens of nanometers that combine to form dense aggregates measuringnabaut 1
larger length scales, these micrometer-sized aggregates are rearranged to form a continuous three-dimensional
isotropic structure that has a fractal behavior of dimeng&lgorwhich gives the gels their texture. The increase
of this fractal dimension with the particle volume fraction, the ionic strength, and the gelation time is correlated
to a hardening of the mechanical properties of the gels at rest. The gel state is reached above a volume fraction
¢ for a given ionic strength and gelation time. In the gel phase, a critical volume fragtioseparates two
domains. Gels belonging to the domaj <¢,<¢,. have a fractal behavior of dimensidh=1=0.05,
suggesting an alignment of the micrometer-sized aggregates that leads to the formation of a mechanically weak
fibrous structure. Gels belonging,> ¢,. have a fractal dimensio®=1.8+0.01, corresponding to a me-
chanically stronger structure consisting of zones of high and lower particle density. A scaling law enabled these
fractal dimensions to be correlated with the effect of the volume fraction on the yield stress. In contrast to what
is commonly assumed in relation to clay suspensions, it is suggested here that it is the large length scales, of
the order of 1um, associated with a fractal arrangement that governs the macroscopic mechanical behavior.
[S1063-651X%97)07209-7

PACS numbdrs): 82.70.Kj, 83.70.Hq

I. INTRODUCTION [2,3]. Others have demonstrated the existence in the sus-
pending medium of tactoids, i.e., piles of two to four indi-
The suspension studied here was made with Laponite, @dual platelets separated by a few layers of wd#sb].
synthetic clay of the hectorite type. In an agueous mediumRamsay and Lindner[6] concluded from small-angle
this forms a transparent thixotropic gel above a certain volnheutron-scattering measurements that the formation of a bal-
ume fraction, at a low ionic strength of<x10 3M and anced gel structure is due essentially to repulsion between
pH of 9.5. The clay consists of discotic particles of uniform the isolated microcrystals of clay. They detected short-range
size, about 300 A in diameter and about 20 A in thicknessorrelations and alignments between the particles in a struc-
[1]. ture that is isotropic over longer ranges. Morvainal. [7]
Owing to its high purity and very small crystal size, this is have shown & ~3 power-law decay by ultrasmall and small-
perfectly suited to light-scattering measurements as, unlikangle x-ray scatteringSAXS), in a region of modulus of
natural clays at the same concentration, it does not producgattering vectors of aboutx110 2 A~ This power-law
any multiple scattering. In addition, it has macroscopic vol-decay is attributed to a large-scale organization, i.e., a vari-
ume propertiegyield stress and thixotropythat need to be ably dense network and a heterogeneous structure. They pro-
linked with the mesoscopic properties of the system, i.e., itposed two possible microstructurégs: an edge-face contact
structure, in order to be better understood and controlled. leading to a card-house structure afiid a locally parallel
Many structural models relating to this clay suspensioninteraction between first neighbors due to osmotic repulsion
already have been proposed by different authors in order tbetween adjacent platelets. Most recently, Mourcéidl.
try to explain the mechanism of swelling gel in time and its[8] have studied the structure and sol-gel transition of these
thixotropic behavior. Certain authors have described the forLaponite suspensions by means of cryofracture, TEM,
mation of a so-called “house of cards” network, where elec-SAXS, and rheometric measurements. They have put forth a
trostatic attraction appears to occur between the edges of thypothesis that tallies with their own observations and may
positively charged platelets and the negatively charged facesxplain the sol-gel transition. This hypothesis considers the
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existence of oriented microdomains, consisting of particles The suspension is prepared as follows. The clay powder is
in the form of platelets. These oriented microdomains ofmixed in a solution of distilled water and NaCl at different
grouped particles should develop as ionic strength increasespncentrations. This is then stirred for 30 min at a tempera-
leading to the formation of large regions with lower particle ture of about 20 °C, by means of a deflocculating vane rotat-
densities. The interconnection and/or interrelation of theséng at 1500 rpm. A few hours after stirring, a transparent gel
microdomains is, according to them, responsible for the apis formed, with a ionic strength denotég.

pearance of the gel phase. Interparticle interactions take place as the clay swells fol-

The previous studies revealed, on the one hand, the exisewing preparation. The suspended particles are thus subject
tence and nature of the interactions occurring between th® electrostatic repulsion and attraction, which are in compe-
suspended particles and, on the other hand, the structuréiion with the van der Waals attraction, polar repulsion be-
schemes. However, as far as the present authors are awatween water molecules adsorbed at the surface, interparticle
no pertinent length scale has been proposed for the structuexcluded-volume effects, and Brownian motion. Depending
in suspensions of Laponite. The purpose of this article is tmn the particle concentration, the ion content of the water,
identify these characteristic length scales and to relate themnd thepH value, these interactions may give rise to a stable
to the macroscopic behaviors observed in these thixotropicolloidal solution, an elastic gel, plastic paste, or even sepa-
suspensions. rate solid and liquid phas¢8].

The method used to study the structure and interparticle The pH value of all the preparations studied in this article
interactions within this colloidal clay suspension was that ofwas adjusted to 9.5 in order to avoid any consecutive disso-
angular scattering of different types of radiation. At the samdution of the material. Indeed, Thomson and Butterworth
time, the nature of the various flow regimes within the sus{10] showed that there is significant dissolution of magne-
pension was determined by means of rheometric measurgium silicate withpH values of less than 7 and the disap-
ments associated with visualization of the strain fi€ld pearance of such dissolution gl values above 9.

Angular radiation scattering measurements were taken so The study domainorresponds to that in which a thixotro-
as to cover as wide a scattering vector domain as possiblgic gel is obtained above the volume fracti¢fi defining the
with a view to obtaining structural information ranging from sol-gel transition. With a weak ionic strengthi €1
the size of the particléa few nanometejgo the scale of the % 1073M), at apH of 9.5, this domain extends in concen-
largest structurega few micrometens The modulus of the tration from 0.9< 1072 to 5X 10~ 2 g ml~%, corresponding to
scattering vector is defined Iy=(4mn/\)sin(6/2), wheren 3 yolume fractions, of 0.35—2 %. The density of the par-
is the refractive index of the suspending mediimthe case tjcles is 2.53 gcm3[5].
of light-scattering measurements. the wavelength of the Changes were observed in the viscoelastic properties and
radiation, andy the scattering angle. The small-angle neutronfractal dimensions of the present system over periods of sev-
and x-ray scattering measurements overlap, making it possral months. This temporal instability is probably due, on the
sible to cover aQ domain ranging from ¥107% to 1 one hand, to osmotic swelling caused by repulsion between
x10"* A~%. The light-scattering measurements coveRa the double layers and, on the other hand, to the progressive
domain ranging from X107 ° to 4x10™* A~%. This means  organization of the particles in fractal aggregates over in-
that it is possible to investigate all the long-range interactiongreasing distances. The aggregation process was followed at

between particles and to extend the scattering intensity behe largest length scales by static light scattering in order to
havior as a function of the modulus of the scattering vectorquantify this temporal instability.

observed by neutron and x-ray scattering.

Owing to the size of theQ) domain explored by both
neutron and light scattering, it is possible to demonstrate the
existence of two length scales that are characteristic of the 1he measurements were made at the European Synchro-
structure of the suspension and to determine the nature of t{E°n Radiation Facility in Grenoble, on the “High Brilliance
interparticle interactions occurring within it. By determining Béamline”[11]. The photon wavelength was 0.95 A and the
the influence of the volume fraction on the yield stress valuegas-filled detector was placed between 2 ahm from the
it was possible to define a scaling law related to the fractaﬁampge position '”10rd91r to cover @ domain between 6
dimension of the suspending objects. The influence of the< 10 ° and 1x10~* A~*. Samples were placed in a Cou-
ionic strength on the equilibrium structure showed that theette shear cell, designed for x-ray experime[tg]. The

fractal dimension is a decisive parameter of the macroscopig@mple gap between both cylindérstor and stator with 0.5
behavior. mm thickness of polycarbonate materislas 1 mm. The

scattering from the empty cell limited the small€stvalues

that could really be achieved. Conventional integration pro-
grams were used to obtain the radial mean of the scattering
A. Materials intensity.

B. Small-angle x-ray scattering

Il. MATERIALS AND METHODS

The synthetic clay used for the experiments is Laponite

XLG, manufactured by Laporte Industry. The chemical com- C. Small-angle neurtron scaftering

position of the clay is as follows: 66.2% of SiC80.2% of The measurements were made at the Institute Laue-
MgO, 2.9% of NaO, and 0.7% of LjO, which corresponds Langevin in Grenoble, using the D11 instrument, with a
to the chemical formuld6] wavelength of 6 A. The samples were placed at distances of

) _ 07 074 2.5, 10, and 35.7 m from the two-dimensional detector, with
Sig[Ms sLio.dHs 0020 "Nag7™ beam collimations of, respectively, 2.5, 20.5, and 40.5 m.
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The static measurements were obtained by placing the -

samples in the Couette shear cell developed by Lindner and é? a) o | 10° ® _ 10

Oberthur [13]. This quartz cell consists of a fixed inner cyl- > —

inder (stato) and a rotating outer cylinddrotor). The stator 103 oo i

is 46 mm in diameter and the gap is 0.5 mm wide, so that the o = == ‘\, ] 5 Frequency

sample crossed by radiation is 1 mm thick in total. We plan i 1 - |-a-0.01Hz| |

to discuss the results relating to shear in the future. The (" Build-up ] | |-—+0.1Hz 10°

detector consists of a set of 8464 elements measuring 1 | time ’ ——1Hz

x 1 cnf. The data were analyzed using standard programs in | ® 9600 s 1 g

order to remove any background inconsistencies. The mean L 1?288: . i

was then taken radially over the total intensity of scattering, s O

using classic integration software. L0 10? L 10!
10° 107 10" 1 0 2x10° 4x10°

D. Static light scattering Strain Time (s)

The laser test facility used for the experiment was devel- FIG. 1. Determination of the viscoelastic linear domain in a

oped and built at the Laboratoire de Riwgie in Grenoble  armonic shear test on a Laponite suspension at a volume fraction
[14]. It consists of a 2-mW laser beafile-Ne with awave- o 1204 | =1x10°3M, pH=9.5, and t,= 445 days. (a)
length of 6328 A an'd a Fresnel lens acting as scatteringnanges in elastic modulus as a function of the strain applied to the
screen. The detector is a video camera with a charge coupledmple at various structural recovery times after crushing in the
device 754 582 pixel sensor. A shutter enables acquisitioncone-plate apparatus(b) Changes in viscoelastic moduli as a
time to be varied betwees and 1555, S. Image processing  function of the frequency of shear during structural recovery after
is used for the analysis and the conventional integration operushing in the cone-plate apparatus.

erations are carried out by a specific software. The samples

were placed in a plate-plate shear cell composed of two Painaterials with time-dependent rheological properties, it is

allel rectangular strips of glass. The results relating to Shearqecessary to take into account the state of structural recovery

will be discussed in the future. The thickness of the sample |sf the sample. To do this. two tvbes of test were performed
fixed at 0.30 mm and transmission measurements give satis- pie. ’ yp P

factory results for these small thicknesses.(mied | incidont 0 (_avaluate the extent of the wscoelgsnc linear domain for
~0.95). When the sample is placed in the measurement celfArlOUS ranges of frequgncy and strain.
B ' In the first test, at a fixed frequency Bf=0.1 Hz and at

it may be subjected to mechanical stresses and partial break- . . ;
down of its structure. For this reason, it is left to rest in the/arous ;tructural recovery times, the Sa”.‘p'e was squected
cell for 10 min before any measurements are made. Succe 0a st_lr%m svvtee? 0; ?5005._0'3 Iforfa pl)_enod 3f GOC.Fng'
sive checks were carried out at different periods after th (8)35 i %fx enll cr)m _eﬂwscoedazmthlne?rt orpa;n {oml
sample had been installed in order to make sure that 10 miny 0 0.1 1S slightly influenced Dy the state of structura
was a sufficient time for the light-scattering results as a funci cCOVery of the_matenal. F_urthermore, the elastlc_ modulu_s
. . levels reached increase with structural recovery time. This
tion of Q not to be affected by any possible structure break-l. train d 1 is therefore valid for recovery imes of
down. Experimental data scatter over fractal dimensins inear stran domain 1s. > vall very U
U at least 1800 s, for which the kinetics of recovery are slow.
5%, taking into account several measurements at all volume : ) i .
fractions. In the second t-est, with a fixed sfcraln amphtud& .(
=0.05) corresponding to the linear strain domain described
above, the structural recovery of the sample after crushing is
monitored for various oscillation frequency values. This sec-
The tests were carried out at a temperature of 20 °Cond test[Fig. 1(b)] shows that within the range of error of
(£1°C). Yield stress measurements were carried out usinthe experiments £10%), the response of the viscoelastic
the vane method on a Weissenberg-Carrimed controllechoduli in time is independent of the frequency and a linear
speed rheometer. These enabled the change in yield stressviscoelastic domain can thus be defined, running from 0.01
be defined as a function of volume fractiph5]. A cone- to 1 Hz for y=0.05.
plate configuration of radiug=24.5mm and anglea These two tests show that the viscoelastic linear domain
=0.076 rad was chosen for dynamic shear. Torsion ba(0.005<y=<0.1 and 0.0£F=<1) is independent of the
torque sensors were used. In order to avoid interfacial efstructural recovery time for times of at least 1800 s after
fects, the surfaces of the apparatus were covered with glassushing in the cone-plate assembly. As the purpose here is
paper of 200um roughness, except around the central partfo study the state of the structure after recovery and not to
To avoid evaporation from the sample during the test, themonitor the actual recovery process, a strain of 0.05 and
atmosphere around it was saturated with wi8er16). frequency of 0.1 Hz will be chosen in the remainder of this
In order to characterize the viscoelastic properties of thesarticle and the viscoelastic measurements will be compared
thixotropic clay suspensions, one of the procedures describazhly for recovery times of more than 1800 s.
in Ref.[9] was used. This involves breaking down the struc- Furthermore, oscillatory shear experiments were per-
ture of the sample as it is crushed between the cone and plafiermed by Willenbachef17], on Laponite dispersions, at
and monitoring the way in which its structure reforms by different volume fractions of between 0.48% and 1.2%, pre-
measuring the viscoelastic mod@’ andG” in time (Fig.  pared using NaCl solutions of various ionic strengths
1). In order to define the viscoelastic linear domain in thesg¢0.001™ and 0.05&1). He showed that the linear viscoelas-

E. Rheometric techniques
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sity would be flat in this range. Therefore, the excess scat-

Q) 100 rQO Q.ﬂs‘ I al) 3 tered intensity above the plateau value must be produced by
3 \ spatial variations in the concentration of platelets, i.e., dense
; 3 regions(“micro-domains”) separated by less dense regions
10 c. E (“voids” ). This excess scattering and tie  power law
23 z already have been observed by Monetral. [7] on a Lapo-
10° 3 1 nite gel at volume fraction 4.2% and low ionic strength and
E , L, then by Mourchicet al.[8] on Laponite gels at volume frac-
103 _ ) = &_ tions 1.5% and 5.20_/0 and _high ionic strength. According to
L, Light <—t—O)Z—>ray = these authors, the hlgh ionic strength pro_mo.tes the formation
10’ F e— 2 > e of such microdomains. Th@ 3 power law indicates that the
10° 107 103 102 107! dimensions of these microdomains range from a smallest

size, which isa=1/(3x10 3 A~1)~350A, to a largest
sizeL, which is about 1um, as will be seen below.

FIG. 2. Small-angle x-ray and neutron scattering and static light The light-scattering measurements reveal two successive
scattering from an agueous Laponite suspension at rest, at voluni¥pes of fractal organization, separated by the characteristic
fraction 1.6%,1,=1x10°M, pH=9.5, andt,=200days.(a)  dimensionL. In the scattering curve, the first type of fractal
Dense micrometer-sized aggregates éndmass fractal made of behavior corresponds to a continuation of e power
alternating aggregates and voids. law observed in SANS. It is observed over a rangeQof

values extending fro@=3x10"31t0 1.2x10* A~1. The
tic regime extended for strain amplitudes from 0.001 to 0.1Q 2 slope implies that the gel structure is self-similar over
He was able to establish that the storage mod@uslomi-  distances ranging fro)m=350 A to L=1 um. The expo-
natesG” by more than one order of magnitude and is essennent —3 can be interpreted in different ways.
tially independent of frequency in the entire frequency do- (i) The objects that cause the scattering are dense aggre-
main investigated from 15610 > to 6 Hz. For these data the gates of subunits of siza. Their interior is homogeneous,
sample was allowed to rest for 15 min before the measurddut their surface is fractal. The scale of surface roughness is

QA"

ment was started. a=350 A. The overall size of the objects isum.
(i) This way is similar to(i), but there is a size distribu-
Ill. RESULTS AND DISCUSSION tion of the aggregates: the smallest have siznd the larg-

est have sizd.. The exponent-3 no longer reflects the
surface roughness of the aggregates, but their size distribu-
An overall view of the structure and interactions may betion.
obtained from the complete scattering cuM@&®) of the In both interpretations, a two-step aggregation process is
Laponite gel made at a volume fraction 1.6%, NaCl concen¥equired: First the particles associate to form subunits of size
tration 1,=10"3M, and pH 9.5 (Fig. 2). This scattering a=350A and then the subunits associate to form larger,
curve was obtained by combining the data from SAXS,dense aggregates with rough surfaces or a broad size distri-
small-angle neutron scatterif§ANS), and static light scat- bution. A similar aggregation behavior has been observed
tering in such a way that the magnitudes of the slopes of thalso by Axford and Herringtofil8] in suspensions of natural
three sets of data matched each other in a log-log plot. ThiBentonite clay.
scattering curve is analyzed according to the range® of The second type of fractal organization is characterized
values, starting from the highestx110~* A~1), which cor- by a Q8 power law, observed fron@=1.2x10"* to 2
respond to intraparticle dimensiofs few nanometejsand <10 > A% Accordingly, there is a range of distances,
ending with the lowest (210 ° A~1), which correspond ranging fromL=1 um to (=5 um, where the gel structure
to the large-scale organization of the g&lum). is again self-similar. The exponent1.8 implies that the
At high-Q values, between 10 ! and 3x10°2 A~ organization is a mass fractal, i.e., made of an alternation of
the scattered intensity follows@ 2 power-law decayFig.  aggregates and voids. Moreover, the exponeit8 is that
2). This decay is consistent with the scattering expected fronexpected for aggregation resulting from cluster-cluster aggre-
platelets with random orientations. gation[19-21]. Accordingly, the dense aggregates observed
Between 1.5 10 2 and 3x10 3 A~%, there is a plateau at dimensions below. are themselves more loosely aggre-
of the intensity. As will be shown below, this plateau is moregated up to sizes of the order &5 um.
extended at higher particle concentrations and vanishes at Finally, atQ values below X 10 ° A~1, the scattering
low particle concentrations. Ramsay and Lindpé} have curve becomes flat, indicating that there are no heterogene-
shown that this plateau turns into a peak at still higher parities of sizes larger thag=5 um. Thus the gel structure is
ticle concentrations. Therefore, it is produced by interparticlehomogeneous at larger scales.
interferences. The depression of the intensity in this range The most likely type of structure that matches these re-
means that density fluctuations are suppressed, i.e., that tisalts is represented schematically in Fig. 3. It consists of
number density of particles is homogeneous over lengtismall clusters of siza=350 A (the subunits each contain-
scales that are between 70 and 350 A. ing a few platelets, which are combined to form dense ag-
Between 310 3 and 1x10 2 A~1, the SANS intensi- gregates of sizek =1 um. These micrometer-sized aggre-
ties are above the plateau and follov@a® power law. Ifthe  gates are loosely interconnected to form a continuous,
platelets were uniformly dispersed in the gel, then the intenisotropic network that forms the texture of the gel.

A. Physical structure of the gel
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FIG. 5. Form factoiP(Q), scattering intensity(Q), and struc-
2) Subunits ture factorS(Q) for Laponite suspensions at 2% volume fraction,
ls=1x103M, pH=9.5, andt,= 380 days.
FIG. 3. Schematic representation of structure of Laponite sus-
pension at rest. The network is made of two types of characteristi®yPes of interferences. This can be done in two steya)
aggregates: (a) subunits of oriented clay particles, which define Calculate a single-particle scattering functiB¢Q) on the
the first length scale of about a few nanometers, @eggregates  basis of a postulated model for the particle shg?®. (b)
of tight isotropic distributions of subunits, which define the secondAssume that the scattered intensity can be expressed as
length scale of about um. (c) The loose connection of these
micrometer-sized aggregates gives rise to an isotropic equilibrium 1(Q)=NP(Q)S(Q), 1)

structure.
whereN is the number density of particleB(Q) the single-

B. Interparticle correlations particle scattering function, ar{(Q) the structure factor of

The scattering curves shown in Fig. 2 result from inter-the dispersion that describes pair correlations between par-
ferences between pairs of scatters in the sample. These intdicles. This assumption holds as long as there is no correla-
ferences are of two types: interferences of pairs that belongon between the relative locations of particles and their re-
the same particldintraparticleé and interferences of pairs SPective orientations.
that belong to distinct particle§nterparticle. At low con- We assume that the particle are disks, with a thickness
centrations and at short d|Stan((mh Q)’ intrapartide in- 2Hp and a radiuﬂ?p. If they take random orientations, the
terferences are dominant. At high concentrations and at longingle-particle scattering function may be calculated as an
distances(low Q), interparticle interferences are dominant. average over all orientations
The effect of concentration is clearly visible on the part of
the scattering curves that corresponds to distances betwe%rz [ SirP(QH,cosx) 4J5(QRysinay,)
neighboring particles, i.e., between ¥%0 % and 1.5 Q)_f (QH,cosr,)(QR,sine,)?
x10°2 A~1 (Fig. 4: In this range, the “plateau” of the PP P
scattering curves is a signature of interparticle interferences. Xsin(ap)deay, 2

In order to extract the organization of the particles from
the scattering curves, it is necessary to separate these twdherea,, is the angle between the axis of the disk and the

scattering vector andy, is the first-order Bessel function. We

The corresponding structure factsfQ) is also shown in
Fig. 5. At highQ values, beyond 1810 2 A~ S(Q) is
close to unity. This was expected, since interferences at dis-
tances below 70 A are predominantly intraparticle. At lower-

10 ———— T ——— T —3 chooseR,=300 A and H,=10A. With this choice, the
Q) ¢ Volume fractions calculated functionP(Q) reproduces the high part of the
) - 850, °© 019% 4 measured scattering curvésig. 5). At lower-Q values, be-
107 g o % 0 03l% 5 low 1.5x10 2 A~1, the data are below the calculated
N TR, ; 8::;?);2 . P(Q) curve. According to Eq(1), this depression is caused
10" E®© oSoesging - by interparticle interferences.

Volume fractions

o,
10° s 129 3 2
" 16% \Q
o 2%

107 T . Q values, between 1510 % and 1.5<10 2 A%, thereis a
107 107 107! strong depression &(Q). As shown by Mourchigt al.[8],
QAN this depression originates from interparticle repulsions that

eliminate fluctuations particles concentration in the range
FIG. 4. SANS from Laponite suspensions at rest, at different/0—700 A.
volume fractions. With increasing volume fractions, a short-range At higher concentrations, the depression $fQ) is
order develops inside aggregates of about a few nanometers. deeper and broaddFig. 6). The extent of this depression
=1x103M, pH=9.5, andt,= 380 days. gives a measure of how far concentration fluctuations are
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1 g 5 . — .
sQ [ ] 1Q 1
10° 3 10° £ E
i ‘ A Volume fractions . L _ ]
I "“\x,‘n A‘A“‘“.A". e 0.19% ] - ¢V =0.48 % ]
101 E %ol eem - 0.60% |3 [ —*—105<t <300 days ]
F e 1.2% ] [ = 10 days Q*1
i a=350A 2% ] 0L " tp=5days |
1 | ) Lol C L 1 RN ]
102
10° 107 10 107 10 .
Q@AY QA™)
FIG. 6. Structure factoB(Q) for Laponite suspensions at dif- FIG. 8. Static light scattering from Laponite suspensions at dif-
ferent volume fractions, I,=1x10"°M, pH=9.5, and tp ferent equilibrium gelation timest(), at 0.48% volume fraction,
=380 days. ls=1X103M, andpH=9.5.

xWhich indicates that the aggregates are dense at scales ex-

eliminated by electrostatic repulsions. If the depression e ! |
tends fromQ, to Q,, this means that the dispersion appears€Nding up to lum. At still lower-Q values, the less steep

on average, homogeneous over scales extending flom slope observed in Iight scattering indicates that.the very-
=1/Q, to a=1/Q;. The shorter of these distancdss the large-scale aggr_egatlo(ri—S_,L_Lm) is less dense. This slope
longest distance between neighboring particlesiow this varies W|t_h the time _of equn!bratlon, with the_concentratlon
distance the dispersion appears homogenedtise larger of Lapomte, ar.]d.w'th the ionic stre_ngth; smult@neously,
onea is the size of the elementary heterogeneities such a@ere IS a variation in the mechanical properties of the
regular stacks of particle§‘subunits”). For instance, ac- samples. In th'.s se_ctlon we focus on the§e changes.
cording to the depression seen in Fig. 6, in the dispersio _Changes with time and v_olume fraction are as fOIIO.WS
made at volume fraction 1.2%, interparticle distances are bl 198 8 and 2 At very short times the slope of the intensity

low d=70 A and the elementary dense regidissbunits Is nearly flat in this range of) values, indicating that the
are abovea=350 A: between these two scales. the disper_dense micrometer-sized aggregates have been dispersed at
sion appears homo,geneous ' random by the mixing procedure. At longer times, the slope

The interparticle correlations are disrupted by the additiorpecomes steeper, indic_ating some_further aggregation; simul-
of salt. This is shown in Fig. 7, where the plateau of thetaneously, the mechanical properties become those of a gel.

. . . L . . i 0, <(0.489
ensiy disappears when he ioic siength s risd fom, 7 112 VS, Youne (SN0 f S0,
5X 10 "M to 5X10 °M. Accordingly, the size of the sub- : N :

units is reduced from 350 to 100 A: in other words, the2PP&ars to have stabilized; the saturation value of the expo-

regular stacks of particles split into smaller ones. nent is—1, corresponding to aggregates that are very tenu-
ous or even stringy. For the higher volume fractions (0.6%

< ¢,<2%) (Fig. 9), the changes proceed more rapidly and
after 300 days the exponent reache$.8, which is the usual
At larger scaleglower Q), the scattering curves indicate exponent for cluster-cluster aggregatid®—21. A picture
that the regular stacks of particlésubunits are aggregated of these aggregates is presented in Fig. 10.
into larger objects. For all dispersions, there i©a° slope, There is also a significant effect of ionic strength on the
measured exponents. Upon going fronk 50 *M to 5

C. Large-scale aggregation and mechanical properties

I(Q) C T T LI LR | T T LI | ]

10 & — PQ § 1Q _f ' ]
£t ©,=12%) 3 107 L .
Foo 5 " ' 1 2 E
L & At i F ]
10' | - L : ]
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0L " L=510"M | [ —— 200 days <t_< 500 dayS® ]
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FIG. 7. Scattering intensity(Q) and form factorP(Q) for FIG. 9. Static light scattering from Laponite suspensions at dif-

Laponite suspensions at 1.2% volume fraction, at different ionicferent equilibrium gelation timesty), 1.2% volume fraction/
strengthspH=9.5, andt,=530 days. =1x10"3M, andpH=9.5.
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FIG. 10. Structure of Laponite suspensions according to volume
fraction and fractal dimensions,=300 days.

FIG. 12. (a) Static light scattering from Laponite suspensions at
xX10"3M salt, the exponent changes froml.6 to — 2, in- rest, at different volume fractiongb) Change in yield stress at
dicating that the 5zm aggregates become denser §fiig.  different volume fractions.|;=1x10"°M, pH=95, and t,
11(a)]. The volume fraction dependence on the fractal di-=300 da)_/s. With increasing volume fractions, th_e connectlon be-
mension is shown in Fig. 18). tv_ve_en mlcrometer-saed aggregates becomes tlghtgr and tighter,

The corresponding changes in mechanical properties a/dving rise to a more heterogeneous structure. Thg yield stress fol-
presented in Figs. 1) and 12b). In the viscoelastic linear lows a power-law dependence on the volume fraction.
regime (y=0.05 andF=0.1 H2, for buildup time greater
than 1800 s, the mechanical respo&dt),G"(t) becomes kTR
stiffer as the ionic strength is raised and the fractal dimension oo~ @ a (q)u)4/(3_D),
increases from 1.6 to &ig. 11). In the regime of permanent
flow, the mechanical response is characterized by a yield
stress[Fig. 12b)]. This yield stress scales with the volume . . . . . .
fraction gf Laponite in %e dispersion. At low volume frac- n W_h'Ch 0 IS the yield _stress_;ﬁv is the part_lcle volume
tions (0.35%s ¢, <0.48%) the exponent is 2. At high vol- fractl_or_LI_D is the fractal dimension, anfél takes into accoun_t
ume fractions (0.6% ¢, <2%) it changes to 3. The change the rigidity of the s:tructure, as well as a volumg fractlon.
occurs simultaneously with the change in fractal dimensionsSofactor due to the inner density of subunits and, in an addi-
Thus aggregates with a higher fractal dimension give dion, an effective interaction much larger thii. I_<|s the
higher elastic modulus and a yield stress that increases moRoItzmann constantT the temperaturea the radius of a
rapidly with volume fraction. single particle(here a single subunjtandR the radius of

A scaling law proposed by Dorget, Palierne, and Plsd] ~ gyration of the aggregates.
for silica-silicon compounds in a domain of semidiluted frac- Good agreement was obtained between the rheometric
tal objects enables the fractal dimension measured by lighmeasurements and predictions made with the scaling law as-
scattering to be linked with the change in yield strésga- sociated with light-scattering measurements. With volume
sured by the vane methpds a function of volume fraction fractions close to the sol-gel transition, the fractal dimension

[14,19 [Fig. 12b)]. The scaling law is defined as is close to unity and the yield stress followsp3 ™ ° power
law. Beyond the critical volume fractiog, . of about 0.55%,
_ the fractal dimension is 1:80.1 and the yield stress follows
a) @,=12%) b) 3403 - - : :
Q) R g 10° a ¢, power law. Predictions using the scaling law give
107 Qr o /—_ 0o P29 and oy ®33%3 pehaviors for fractal dimen-
1 10 ?/__—_- sions of 10.05 and 1.80.1, respectively.
S 1| R)at » This correlation between fractal dimension and yield
10° Q\ = m; stress may be understood in the following way. The scattered
[ s R intensity atQ— 0 for samples with volume fractions exceed-
- . ! ing critical ¢, are five times larger than for samples with
10° e [ Csi10°M E below critical ¢,.. This excess intensity shows that the
Fa Forxi0®m ] structure of suspensions with volume fractions higher than
4-- 1:=5x10":M 1 g ¢,.~0.55% is.more he_terogeneous, with areas of greater
P 0 4x10° 8x10° and lesser particle density. N .
QA Time (s) It may be concluded that near a critical volume fraction,

there is a change in structure from a homogeneous fibrous

FIG. 11. (a) Static light scattering andb) dynamic shear of texture of micrometer-sized aggregates to a more heteroge-

Laponite suspensions, at small amplitude st@i®5 at fixed fre-  neous network consisting of dense, micrometer-sized aggre-

quency(0.1 H2 at 1.2% volume fraction, different ionic strength gates that are loosely interconnected, thus leaving areas of
ls, pH=9.5, andt,=530 days. lower particle densityFig. 10. From a macroscopic point of
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view, this structural change near the critical volume fractiongregates appear to be mainly responsible for the change in
means that the yield stress is increasingly dependent on thgeld stress and viscoelastic moduli in relation to the physi-
volume fraction. The areas of high particle density appear t@ochemical parametefgsolume fraction, ionic strength, and
be responsible for this increasing dependence in yield stregsH) of these colloidal suspensions. Furthermore, scaling
at higher volume fractions. laws associated with either scattering or rheometric measure-
The correlations that have been established between threents enable us to relate the structural information to the
fractal dimensions and rheological properties of this claymacroscopic properties of these colloidal systems.
suspension should be compared with similar correlations ob-
served with other colloidal suspensions. For example, men-
tion may be made of the work of Axford and Herringtdr8]
on a natural Bentonite clay. These authors showed that the This study identified characteristic length scales of the
fractal dimension in this clay, determined by static light scat-structure of a colloidal suspension of synthetic clay. The net-
tering, displays a rapid transition from a valDe=3 below  work that is created as the suspension swells, leading to the
pH=4.3 to a valueD = 1.8 abovepH=4.3. Rheometric mea- formation of a thixotropic gel, is due to the formation of
surements show a minimum yield stress at the point of intermicrometer-sized aggregates. Combining in loose associa-
section ofpH=4.3. Moreover, the ratio o6'/G" has only  tions, the micrometer-sized aggregates form a continuous,
two values: a high one belopH=4.3 and a low one above three-dimensional isotropic structure. Below a critical vol-
pH=4.3. The authors associate, respectively, a bandlikeme fraction, these aggregates form bundles that give Lapo-
structure with tight connections and a more open house-ofaite suspensions a fibrous texture. Beyond the critical vol-
cards-type structure to the fractal dimensions of 3 and 1.8.me fraction, the structure is more heterogeneous, with areas
Rheometric measurements show that the aggregates of tloé varying particle density.
closed structureld = 3) are more rigid that those of the open  This influence of the volume fraction on the structure was
structure D=1.8). correlated with the yield stress of these suspensions by
Shihet al.[23] have proposed a scaling theory connectingmeans of a scaling law. It appears that the fractal dimension,
the viscoelastic properties of colloidal gels to the fractal di-and hence the degree of particle densification in the aggre-
mension of the suspended objects. This law enabled them wates, governs the change in yield stress with volume frac-
show that variations in the elastic modul@s and limit of  tion. The study of the influence of ionic strength and equi-
linearity y. as a function of particle concentration are dic- librium gelation time on the structure of the suspensions
tated by the fractal nature of the colloidal flocs. Rheometricshowed that changes in fractal dimensions govern the elastic
and static light-scattering measurements on Boehmite alunodulus and yield stress values and hence the mechanical
mina gels showed that these parameters had a power-lawehavior.
type behavior in relation to the volume fraction. By applying  This work stresses the following point: It is necessary to
the scaling law to analyze the rheometric data, they agaigonduct a careful analysis of the structure of concentrated
found the fractal dimension determined by light scattering. colloidal suspensions over a wide range of length scales in
Finally, Dorget, Palierne, and Pid@4] carried out rheo- order to understand their rheological behavior. The correla-
metric measurements on silica-silicon compounds and dentions established between the fractal dimensions and rheo-
onstrated that there was a power-law dependence of 3.3 fdogical properties of this clay suspension should be com-
the yield stress and of 4.2 for the elastic modulus in relatiorpared with correlations of the same type made with other
to the volume fraction. These dependences were correctlgolloidal suspensions. Examples worthy of mention include
described by a scaling law associated with light scattering téhe natural Bentonite clay suspensions studied by Axford and
determine the fractal dimensidh= 1.8 of the objects form- Herrington [18], Boehmite alumina gel$23], and silica-
ing the structure of their compounds. silicon compoundg14]. All these correlations suggest that
The above examples and our measurements on Laponitsth the scales of the largest structdreour case the perti-
suspensions concur in showing that the viscoelastic propenent length scale of the order of dm) and the fractal di-
ties appear to be governed by the fractal dimension of thenensions of the aggregates are mainly responsible for the
aggregates forming the structure. The fractal dimensions andheological behaviors observed in these types of colloidal
hence the state of particle densification in the structural agsuspensions.

IV. CONCLUSION
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