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The rheological properties of aqueous dispersions of the syn-
thetic hectorite clay Laponite RD that form gel-like structures
have been investigated. Special emphasis has been laid on the
phenomenon of thixotropy. Structural recovery at rest after steady
shear is considered a fundamental thixotropic process and has
been characterized by small amplitude oscillatory shear measure-
ments. A special sealing technique was used to prevent the evapo-
ration of water during these experiments. After cessation of steady
shear |n*| increases monotonically with time and even after 16
days no equilibrium viscosity value is reached. A single power law
|n*| ~ t" holds within the time regime from 10 to 10¢ 5. The
exponent n = 0.13 x 0.02 is independent of clay concentration
and mechanical pre-treatment of the material. This type of kinetics
has not been reported so far for the thixotropic recovery of any
clay dispersion and it does not fit the common definition of thixot-
ropy. The reorganization of the gel struciure determining this
thixotropic phenomenon is interpreted as a cooperative self de-
laying process similar to the aging of glassy polymers or precipita-
tion from supersaturated solid solutions. @ 1996 Academic Press, Inc.
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INTRODUCTION

Clay minerals of the montmorillonite or hectorite type
are able to form three-dimensional gel-like structures when
dispersed in aqueous media. Therefore, these materials are
commonly used as thickening, plasticizing, or emulsifying
agents in various industrial products such as paints, plasters,
adhesives or cosmetical formulations. Consequently exten-
sive studies have been reported on their colloidal and rheo-
logical properties (Refs. 1-4).

Laponite RD (Laporte Inc., UK) is a fully synthetic clay
similar in structure and composition to natural hectorite of
the smectic group. Each layer comprises three sheets, two
outer tetrahedral silica sheets and a central octahedral mag-
nesia sheet. Part of the magnesium in the central sheet is
replaced by lithium, resulting in a net negative charge of the
layer, which is balanced by sodium ions located between
adjacent layers in a stack. The idealized chemical formula
is [(Sig(Mgsa4lioes) O20(OH)yINaggs. The sodium ions are
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exchangeable and in aqueous dispersions these ions diffuse
into the water and plate-like particles with negatively
charged faces are formed. The charge on the oxide edge of
the platelets is less negative or even positive depending upon
the pH of the dispersing medium. The average size of these
particles is 30 nm in diameter and 1-4 nm in height, as
revealed by electron microscopy (5, 6) and independently
confirmed by various scattering techniques (6~8) and ultra-
centrifuge analysis (8). Thus these particles are an order of
magnitude smaller than those in refined natural clays.

Generally, two different mechanisms for gelation in clay
mineral dispersions are proposed, leading to different types
of three-dimensional ordering. In the first case the formation
of an equilibrium structure is induced by long-range electro-
static repulsion between interacting double-layers. This
mechanism, which has been proposed by Norrish (9) and
supported by experiments of Callaghan and Ottewill (10),
accounts for gel formation at low electrolyte concentration
(<107 mol dm™, 1:1 electrolyte). At higher ionic strength
another mechanism suggested by van Olphen (1, 11) is fa-
vored: the double layers around the faces of the platelets are
compressed and the electrostatic attraction between oppo-
sitely charged faces and edges, together with the attractive
van der Waals forces between the particles, gives rise to
edge-to-face as well as edge-to-edge associations, leading to
a linked, three-dimensional network (house of cards).

Nevertheless, particle interaction and structure formation
in gelled clay dispersions are still a matter of debate.

Due to its high purity and narrow particle size distribution
Laponite has served as a model clay system and has been
investigated under various conditions of electrolyte content,
pH range, and clay conceniration. Static and dynamic light
scattering data support the formation of tactoids consisting
of several platelets (7). A spatially heterogeneous structure
of 1solated particles with local orientational correlation has
been suggested on the basis of small angle X-ray and neutron
scattering experiments (12, 13) and has been evidenced by
cryofracture electron microscopy (14). In addition, correla-
tions between macroscopic electrical (15) and rheological
properties (16) and microstructure have been attempted,

Furthermore, a phase diagram has been established (14)
and fundamental colloidal and surface properties of swelling
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clays, such as stability of sols in the presence of electrolytes
(17), surface charge characteristics and cation exchange ca-
pacity (6), and the adsorption of water on the clay particles
(18) have been studied. The kinetics of gelation of aqueous
Laponite dispersions has been rheologically probed by tran-
sient measurements of the storage modulus G/ (16).

Due to its application as an emulsifying and thickening
agent, the rheology of dispersions of Laponite is of particular
technical interest. Hence the stabilizing and thickening effi-
ciency of Laponite in pigment suspensions and polymer dis-
persions (5), as well as the gelation and flocculation of
dispersions of Laponite caused by addition of electrolytes
or polar solvents, has been evaluated by rheological mea-
surements (19). Furthermore, rheological properties of
blends of Laponite and polymeric thickeners (such as car-
boxymethylcellulose, xanthan gum, or polyacrylic acid)
have been studied (20).

This paper concentrates on an accurate experimental de-
termination of the rheological properties of flocculated dis-
persions of Laponite RD, such as viscoelasticity, yield stress,
and thixotropy. Special emphasis is laid on the phenomenon
of thixotropy, which is typical not only for Laponite but also
for natural clay gels. The recovery of the equilibrium rest
state after steady shear is considered a fundamental thixotro-
pic process. Small amplitude oscillatory shear measurements
are used to determine the kinetics of this process. Various
conditions of preshearing and gels of various concentrations
are examined. This approach to the characterization of dy-
namic processes in thixotropic materials was originally intro-
duced by Mewis and de Bleyser and its feasibility was dem-
onstrated using a polyamide gel as a model system (21).
Moreover, the method is commonly used to study the gela-
tion kinetics of clay dispersions (4, 16, 22).

EXPERIMENTAL

Materials

Laponite RD is a commercial material from Laporte Inc.,
UK, and was used without further purification. Aqueous dis-
persions of Laponite with concentrations between 1% and
3% wiw were prepared using NaCl solutions of various ionic
strengths between 0.0017 and 0.052 mol/dm? as dispersing
agents. The required amount of the crystalline powder is
added to the solution of the desired salinity and the disper-
sion is rapidly stirred for about 15 min. Gelation takes place
within a period from a few hours up to some days depending
on concentration of clay and electrolyte, respectively. There-
fore, samples were allowed to age for at least 1 week at
room temperature before rheological measurements were
started. The pH of the samples was 9.6.

Measurements

Oscillatory shear experiments were performed on a con-
trolled strain rate instrument (RFS 8400, Rheometrics Inc.,

FIG. 1. Schematic representation of the vane geometry (top and side
views).

USA) using cone/plate- and plate/plate-geometry. In this
experiments the sample is exposed to a sinusoidal strain y
= ¥ sin w- f and the stress response 7 is recorded. In the
linear viscoelastic regime the storage modulus G’ and the
loss modulus G” are determined from an harmonic analysis
of the stress signal. The absolute value of the complex
viscosity n* = (l/w)(G" - iG') is given by
]17*[ = w‘IW .

Evaporation of water during long-term (up to 16 days)
oscillatory shear experiments was prevented by covering the
samples with a 5 mm layer of vacuum pump oil (Pfeiffer
GmbH, Germany) with = 196 mPa-s at T = 25°C. Note
that the sealing liquid has to be chosen carefully. Whereas
the water loss is about 3% within a period of 16 days when
the vacuum pump oil is used, more then 30% of the water
evaporated within the same time when the sample was cov-
ered by a silicon oil with n = 970 mPa-s at T = 25°C
(Baysilone M 1000, Bayer AG, Germany),

Creep and creep recovery experiments were carried out using
a controlled stress instrument (CS 100, Carri-Med Lid., UK)
equipped with a vane geometry (23) as shown in Fig. 1 in
order to avoid wall slip effects. The dimensions of the vane
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FIG. 2. Apparent viscosity vs shear stress as obtained by creep tests (O

Laponite RD in 0.009 mol/l NaCl solution,

are H = 26.5 mm, D; = 28 mm, and D, = 48 mm. The shear
stress is calculated from the applied torque T by

H |1

T=2TInD}{ = +-]. 1

(Di 6) -

Steady shear viscosity data were obtained with a home-

made piston-driven capillary viscometer (KVM). Dies of

different length over radius ratios L/ R were used to estimate
entrance pressure loss and wall slip effects.

RESULTS AND DISCUSSION

Apparent Yield Stress

The viscosities of a 1% w/w and a 2% w/w dispersion
of Laponite RD in 0.009 mol/dm’ NaCl-solution as a func-
tion of shear stress are shown in Fig. 2. In both cases a
critical shear stress 7 is observed at which the viscosity
changes by more than six orders of magnitude. The viscos-
ity data at shear stresses 7 =< 7. were calculated from
creep tests carried out using a vane geometry. The samples
were not deformed homogeneously throughout the whole
rheometer gap in these experiments. As can be seen from
Fig. 3a, the deformation was restricted to a narrow circular
path of approximately 1-2 mm in width directly at the
vane where the torque was acting. Therefore, the viscosity
data which were calculated from the measured angular
displacement assuming a deformation of the sample
throughout the gap are not correct and must be regarded
as apparent viscosity values. From the ratio of the de-

, ®) and capillary viscometry (C1, W) for 1% and 2% w/w dispersicns of

formed layer thickness to the total gap width the true
values are estimated to be about one order of magnitude
lower.

Furthermore, these data are not equilibrium values. Due
to the unusual thixotropic nature of this material (see be-
low), even in creep experiments lasting for several days no
true steady state is reached. The creep tests considered here
lasted 15 min and the samples were kept at rest for 20
min before the measurements started in order to reduce the
influence of the mechanical treatment associated with the
deposition of the sample into the rheometer. A fresh sample
was used for each measurement., The creep experiments were
restricted to the shear stress range below 7, since the upper
limit of the angular velocity of the controlled stress rotational
rheometer was reached when . was exceeded,

The data at shear stresses above 7., marked by squares in
Fig. 2, were obtained using a controlled shear rate capillary
viscometer equipped with a die of 400 mm in length and
0.6 mm in radivs. Preceeding experiments did show that
entrance pressure losses and wall slip effects could be ne-
glected in this case. Shear stress data were calculated from
apparent viscosity and shear rate values as 7 = n-vy.

Viscoelasticity

The dynamic moduli G' and G" of aqueous dispersions
of Laponite RD have been determined by oscillatory shear
experiments. Typical results for the dependence of G’ and
G" on strain amplitude and angular frequency are shown in
Figs. 4a and b, respectively, for a 1% w/w dispersion of
Laponite RD in 0.009 mol/dm* NaCl solution. Similar re-
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sults were obtained for dispersions of different ionic strength
and clay concentration, respectively.

For strain amplitudes <0.01 linear viscoelastic behavior
is observed and G' is more than one order of magnitude
larger than G”. Moreover, G’ stays constant up to a critical
strain amplitude 4. (=0.15), but decreases drastically when
¥ > #.. On the other hand G" goes through a maximum at
3. and dominates over G' at strain amplitudes ¥ > 0.5. The
dependence of G' and G” on angular frequency in the linear
viscoelastic regime is shown in Fig. 4b. The storage modulus
G' dominates over G" by more than one order of magnitude
and is essentially independent of w in the whole frequency
range investigated (107~10%s7"). As a consequence |7*|
varies proportional to w .

The viscoelastic features reported in this section are typical
for materials with a three-dimensional gel-like structure and
the results are in good agreement with those reported previously
by Mourchid ef al. (14) for Laponite dispersions of nearly the
same ionic strength. Similar results are reported for dispersions
of low ionic strength (10* mol/dm’® NaCl) (16).

Thixotropy

The re-creation of the equilibrium rest structure after shearing
is considered as a fundamental thixotropic process. This process
has been investigated by transient oscillatory shear experiments
and for convenience the kinetics of the thixotropic recovery is
characterized by the time dependence of |n*. Alternatively, the
time dependence of G could have been discussed, as for exam-
ple in (4, 21, 22). For the systems investigated here, this I8
completely equivalent, since G' # G" even for the first data
points taken about 10 s after cessation of steady shear. For
convenience the oscillation frequency was set to w = 6.28 s~
for all experiments discussed in the following chapter, as long
as nothing else is mentioned.

The oscillation experiments had to be carried out at suffi-
ciently small strain amplitudes in order to avoid a distur-
bance of the recovery process.

In Fig. 5 the development of |n*| after cessation of steady
shear (30 s at ¥ = 1000 s™') is shown for different ampli-
tudes of oscillation % between 0.01 and 1 applied to a 1%
w/w dispersion of Laponite RD in 0.009 mol/dm’ NaCl-
solution. In all cases a sharp increase of |n*| is observed
within the first few seconds after cessation of steady shear.
At high strain amplitudes (% = 0.8 and 1), where viscous
properties prevail, a steady state viscosity is approached im-

FIG. 3. Sample deformation during creep tests using the vane geometry
visualized through the deformation of four lines of white chalk powder
spread on top of the sample before running the measurement; {a) 3% w/
w Laponite RD in deionized water, creep test at 7 < 7,; (b) 3% w/w
Laponite RD in deionized water, creep test at 7 > 7. (picture taken after
several revolutions of the vane); (¢) for comparison, silicon oil Baysilone
M 1000 (homogeneous deformation throughout the gap).
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FIG. 4. (a) Dynamic moduli G' and G” vs strain amplitude 4 and (b) dynamic maduli GG, G", and complex viscosity |7*| vs angular frequency w for a
1% w/w dispersion of Laponite RD in 0.009 mol/l NaCl-solution (sample was allowed to equilibrate for 15 min before the measurement was started).

mediately after this first increase, whereas |7*| goes through
a maximum about 50 s after cessation of steady shear and
reaches an equilibrium value (depending on %) after about
500 s, when intermediate oscillation amplitudes (¥ = 0.4
and 0.5) are applied. In contrast, the absolute value of the
complex viscosity grows monotonically and independent of
the chosen strain amplitude, as long as ¥ < 7.

Similar experiments have been performed on a 2% w/w
dispersion of Laponite RD in 0.009 mol/dm® NaCl-solution.
The results obtained for 4 < %, are shown in Fig. 6. Log
|n*| increases in proportion to log ¢ and no equilibrium
viscosity value is reached, even after more than 16 h.

This is the key result of the present investigation and
further experiments have been performed to prove that this
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FIG. 5. Effect of oscillation amplitude # on the recavery of |*| after cessation of steady shear (¢ = 30 $;¥=1000s"") fora 1% w/w dispersion
of Laponite RD in 0.009 mol/I NaCi-solution for $=1001(4),005(0),0.2(A), 04 (+),05 (00), 0.8 (M), L.O (V) at oscillation w = 628 .

unusual result really reflects a material property and not an
experimental artefact,

The results of oscillatory shear experiments presented
above were obtained in a computer-controlled, automatic
operation procedure. In this experimental mode the sample
is exposed to a permanent oscillatory shearing. A compari-
son of the transient viscosity data obtained by this procedure

log ([n*| / Pass)

to results gained from manually controlled experiments is
shown in Fig. 7. In the latter case the fluid is sheared only
for a few periods of oscillation, when a data point is regis-
tered and the sample is kept at rest in the meantime. Obvi-
ously it does not make any difference whether the material
is under continuous small amplitude oscillatory shear or not.
Therefore it is concluded, that the observed increase in vis-
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FIG. 6. Recovery of |7*| after cessation of steady shear (¢ = 30's; ¥ = 1000 s™!) for various oscillation amplitudes 9 < %, for a 2% w/w dispersion
of Laponite RD in 0.009 mol/dm® NaCl-solution with ¥ =0.07 (A), 0.05 (0, 0.01 (01) at oscillation w = 6.28 s,
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FIG. 7. Effect of oscillation mode on the recovery of |n*| after cessation of steady shear (1 = 30 s; ¥ = 1000 s™') for a 2% w/w dispersion of

Laponite RD in 0,009 mol/dm® NaCl-solution: (M) oscillation only during acquisition of data points, (O) permanent oscillation, where w = 6.28 57,

% = 001

cosity is not a theopexy or work-hardening phenomenon (1).
The small offset between the two data sets is presumably due
to differences in the pretreatment of the respective sample.

The influence of different mechanical pretreatment and
preshearing procedures on the recovery of |7*| is shown in
Fig. 8 for a 1% w/w dispersion of Laponite RD in 0.009

log (|n*| / Pa-s)

-1

mol/dm® NaCl-solution. The slope of the log |7*| vs log ¢
curves is virtually independent of the sample history. But the
viscosity level decreases as the total amount of mechanical
energy brought into the material is increased.

The recovery of |n*| after cessation of steady shear has
been studied for various clay concentrations between 1%

2 3

log (t/s)

FIG. 8. Fffect of sample history/mechanical pretreatment on the recovery of |7*| for a 1% w/w dispersion of Laponite RD in 0.009 mol/dm® NaCl-
solution: (O) careful placement of sample in rheometer, (4 ) intensive stirring before placement in rheometer, (L) careful handling + preshearing (¥
= 1000 s~', t = 600 s), (A) intensive stirring + preshearing, where oscillation w = 6.28 s™', 4 = 0.01.
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FIG.9. Recovery of |n*| after cessation of steady shear (¢ = 30 s; ¥ = 1000s™") for dispersions of various concentration of Laponite RD in 0.009

mol/dm® NaCl-solution: concentration 3% (O), 2.5% (A), 2% ( ¢), 1%

and 3% w/w (Fig. 9). The mechanical pretreatment was the
same for each sample. In all cases a linear increase of log
l7*| with log ¢ is observed and no equilibrium viscosity
value was reached. Moreover, the slope of the straight lines
fitted to the experimental data points is the same for all clay
concentrations.

The experiments presented so far were limited to a period
of 16 h affer cessation of steady shear. One experiment was
carried out lasting for 16 days (1.4 x 10% s™'). But even
on this extended time scale no equilibrium viscosity value
|7*| was reached (Fig. 10). Especially in such long term
measurements one has to take care that the evaporation of
water is prevented. Therefore this experiment was performed
on a Carri-Med CS 100 instrument equipped with a cup and
vane geometry. Using this set-up the loss of water could
easily be determined by weighing the sample before and
after the experiment. When the sample was covered with a
5 mm layer of vacuum pump oil as described above 3% of
water were lost after 16 days, resulting in an increase of
the clay concentration from 2% w/w to 2.06% w/w. The
corresponding increase in viscosity can be estimated by com-
paring | n*| data for different Laponite concentrations taken
under similar conditions of shear and recovery history, The
dependence of viscosity on clay concentration can be de-
scribed by a power law relationship |n*| ~ ¢°, with ¢ =
2.5. Thus, the viscosity increment due to the evaporation of
water is about 10% and this effect is by far not sufficient to
account for the increase of viscosity shown in Fig. 10. Note
that the above value of the exponent a is in good agreement
with values reported previously (14, 16).

(00), with oscillation w = 6.28 s, 4 = 0.01.

The linear relationship between log |7*| and log t shown
in Figs. 6 through 10 corresponds to a power law

In*] ~ ¢ [3]

characterizing the kinetics of the thixotropic recovery of
Laponite RD dispersions. A single exponent is valid through-
out the time regime from 10 s up to 10° s.

From Fig. 5 an upper limit of 0.2 Pa- s for the initial value
of [n*| (+=0)is deduced for a clay concentration of 1% w/
w. Since this value is much lower than the viscosity values
obtained in the power law regime, the exponent n can be
determined directly from the slopes of the straight lines fitted
to the experimental data in Figs. 6~10 and a value of

n=1013*0.02 [4]

is obtained independent of clay concentration and mechani-
cal pretreatment.

SUMMARY AND CONCLUSION

The rheological properties of aqueous dispersions of the
synthetic hectorite clay Laponite RD forming gel-like struc-
tures have been investigated. Special emphasis has been laid
on the phenomenon of thixotropy. The structural recovery
at rest after steady shear is considered a fundamental thixo-
tropic process and has been characterized by small amplitude
oscillatory shear measurements.

A monotonic increase of |n*| with time has been ob-
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FIG. 10. Long term experiment (16 days) determining the recovery of |n*| after cessation of steady shear (+ = 30 s; ¥ = 1000 s7!) fora 2% w/
w dispersion of Laponite RD in 0,009 mol/dm® NaCl-solution, where oscillation w = 6.28 s7!, % < 0,01. Performed on a Carri-Med CS 100 instrument

with a cup and vane geometry.

served, and even in a long-term experiment lasting for 16
days no equilibrium viscosity value was reached, indicating
that structural re-arrangements are still going on even after
such a long time at rest.

A single power law |np*| ~ ¢ holds within the time
regime from 10 s to 10° s after cessation of steady shear.
The exponent n = 0.13 = 0.02 is independent of clay concen-
tration and mechanical pre-treatment of the material.

As far as the author knows this type of kinetics has not
been reported for the thixotropic recovery of any clay disper-
sion before. First vague indications of the phenomenon have
been given by relaxation measurements (14} where nonex-
ponential stress decay is observed on a time scale of several
hours and by SANS experiments (12) showing a strong
anisotropic scattering pattern even 1 h after cessation of
steady shear.

Moreover, our result does not fit the common definition
of thixotropy, which implies that each shear rate is related
to a unique equilibrium viscosity value and that this value
is reached within a finite time (24).

Note that similar power law behavior with exponent n
= (.18 has been reported for the thixotropic recovery of
flocculated suspensions of rod-like ferrite particles (25).

The experimental results reported here may be interpreted
as follows:

The three-dimensional network structure of the clay dis-
persion is disintegrated into small flocs of particles or (less
probably) into single platelets by application of shear forces.
These flocs may exist as small domains of orientationally
correlated particles (12, 14) or as aggregates flocculated in

a so-called house of cards like structure (1, 11). After cessa-
tion of steady shear a microscopic structural rearrangement
of clay flocs and platelets takes place, setting up and reinforc-
ing a network structure (showing up in the monotonic in-
crease of |n*|). According to the observed power law be-
havior with n < 1 the rate of change d|n*|/dt is monotoni-
cally decreasing with time, indicating a slowing down of the
structural changes with increasing rigidity of the network.
Therefore, the thixotropic reorganisation of the clay network
can be interpreted as a cooperative, self-delaying process
and the probability for an “‘imperfect”” network link to
move/jump into a position of lower free energy decreases
with decreasing number of such *‘imperfections’’. Finally,
the equilibrium state (minimum of free energy) of the whole
network is reached only after infinite time and is character-
ised by an infinite viscosity or modulus G' (>G"), respec-
tively.

A more detailed description of this process is not possible
on the basis of our data. Moreover, it seems not to be appro-
priate, since the microscopic structure of the clay platelet
network, especially the physical nature and structure of the
so-called flocs, is still under discussion.

Similar self-delaying processes are observed for example
in the aging of amorphous polymers (26) and in the precipi-
tation from supersaturated solid solutions (27).

In the case of glassy polymers the segmental mobility M
depends on the amount of free volume v, while on the other
hand M determines the rate dv/dt at which v, changes and,
therefore, the state of zero mobility is not reached in a finite
time.
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In a supersaturated solid solution grains of a new phase
grow by coalescence, i.e., the large grains grow by the incor-
poration of small ones, when an appreciable size is reached
and the degree of supersaturation is only slight. The critical
size (x} of stable domains increases with time as ', This
result has been derived using rather general assumptions. To
check whether it is relevant to the description of the thixotro-
pic recovery of Laponite dispersions one either would have
to derive a correlation between the domain size (x) and |n*|
or would have to probe the microstructure/floc size of the
clay dispersion directly by an appropriate scattering experi-
ment. But both are beyond the scope of this paper.
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