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Abstract

Suspensions of laponite, a synthetic smectite clay, dispersed in silicone oil show a dra-
matic increase in the viscosity under the in�uence of an electric �eld. This is an example
of an electrorheological �uid. Here the general properties of the dispersions with and
without an electric �eld are measured with a rheometer. The viscosity of the suspension
as a function of volume fraction laponite added was �tted to the Krieger-Dougtherty
expression, which gave a maximum packing fraction of 0.71. The stability of the dis-
persions was also investigated. I found that the concentration decrease over time due
to particle sedimentation. The static yield stress of suspensions with di�erent laponite
concentrations in electric �elds from 200 to 1000 V

mm was also measured. It was found
the the static yield stress τs depends on the volume fraction Φ and the electric �eld E,
according to τs = Φβ ·Eα, where β was close to 1 and α was around 1.70, except for the
lowest concentration where α = 2.37.

An attempt to alter the surface properties of laponite was also made in order for the
laponite to disperse as single particles in oil. By treating the clay with a quaternary am-
monium surfactant (CTAB) the surfaces of the clay ought to be hydrophobic, or actually
lipophilic. This attempt was not successful, partly because of insu�cient grinding of the
�nished powder. Further attempts will be made in the future.

An industrial modi�ed laponite clay dispersed in silicone oil was also investigated. This
dispersion was more stable compared to the normal laponite suspension, but the static
yield stress was much lower.
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This report is the documentation of the project work done as a part of the specialization
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The main focus of my work has been rheological studies of laponite clay particles sus-
pended in oil under the in�uence of an external electric �eld. These systems show a
dramatically increase in the viscosity when the electric �eld is high enough, indicating a
transition from a liquid to a solid like state. The e�ect is known as the electrorheological
e�ect. For me it has been interesting to get insight into new disciplines such as rheology
and electrorheology.

I would like to thank my supervisor Prof. Jon Otto Fossum for all the help and support he
gave during the work. I would also like to thank PhD. K.P.S Palmar for taking the time
to help me getting started with the rheometer, my colleague in the dangerous chemistry
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surface modi�cation of laponite and all the other students at the lab.

Trondheim, December 17, 2006 Børge Aune Schjelderupsen
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1 Motivation and Outline

In this project I have worked with rheological measurements on laponite, a synthetic
smectite clay, dispersed in silicone oil. This dispersion is an example of an electrorheo-
logical (ER) �uid. PhD. K.P.S Palmar discovered a strange behavior of the static yield
stress for these suspensions in low electric �elds (less than 1 kV

mm) during his Phd. work[1].
My goal was to try to �nd out more about the behavior of the ER-�uid in this low �eld re-
gion, but also some general properties of the suspensions without an electric �eld present.
I have also done some work together with Svein Åsmund Slungård, to try to alter the
surface properties of the laponite clay in order to improve the stability of the dispersions.

The report is organized in two parts. In Part I I will discuss the rheological properties of
dispersions of laponite in silicone oil, with and without electric �eld present. First I will
give a brief introduction to the �eld of electrorheology. In Chapter 3 I will present the
theory used, which include some general concepts used in rheology, rheology of suspen-
sions, some simple models used to describe the electrorheological e�ect and �ow behavior
of ER �uids. Chapter 4 contains information about the materials used and experimental
setup and measurements. The results and analysis are presented in Chapter 5, while a
summary and conclusion is given in Chapter 6.

Part II of this report contains the work that has been done in collaboration with Svein
Åsmund Slungård. First I will give a brief introduction to clays in water and ionic
exchange. Then I will describe the procedure we used together with some measurements
done with the rheometer. The results of rheological measurements on an industrial
modi�ed laponite clay in silicone oil will also be presented.
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Part I

Rheology of Laponite Dispersed

in Silicon Oil
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2 Introduction to Electrorheology

An electrorheological �uid is a �uid which can switch over to a solid-like state upon
application of an electric �eld typically in the order of 1 kV

mm . The transition can be
observed both visually and by measuring the rheological properties (viscosity, yield stress,
etc.). The ER e�ect is fast (order of milliseconds) and reversible, i.e. when switching of
the electric �eld the suspension goes back to a liquid state.

The ER e�ect was �rst described by Winslow[2] in 1949, although the phenomenon had
been observed already in the late nineteenth century. It was not until the 1980's the
subject got a lot of attention and numerous scienti�c publications started to come out.
This was when the industry discovered the potential of using ER �uids in industrial
applications.

A typical ER �uid consists of colloid particles suspended in an insulating oil (forming a
suspension), but also some emulsions (liquid in oil) are ER active. In this paper I will only
discuss the former. When an electric �eld is applied the particles suspended in oil form
�brous, chain-like structures along the direction of the electric �eld. A generally accepted
theory for this is that the electric �eld polarizes the particles, which in turn interact with
each other forming chains. If the electric �eld and/or the dispersed particle concentration
is high enough, chains can interact with each other forming thick column-like structures.

Insulating oils used to prepare ER �uids are silicone oil, vegetable oil, mineral oil, para�n,
kerosene, chlorinated hydrocarbons, transformer oil etc. An ideal dispersing liquid should
have low volatility, high chemical stability, high boiling point, low viscosity, high brake
down strength, relative high density and a low dielectric constant. A wide range of solid
particles can be used to make ER �uids: clays, organic and polymeric semiconducting
materials, carbonaceous materials and fullerence and superconductive materials[3].

The particle size and shape have an impact on the ER e�ect. The ER e�ect is expected to
be weak if the particles are to small, due to Brownian motion competing with �brillation.
Very large particles are also expected to show a weak ER e�ect because of particle
sedimentation. Particle sizes from 0.1 to 100 µm are commonly used in the present ER
�uids. The in�uence of particle size on the ER e�ect is quite diverse. However, when
mixing particles of di�erent sizes it is found that the ER e�ect decreases. Since the ER
e�ect involves polarization of particles, it is quite likely that the shape of particles would
have some e�ect on the magnitude of the response. Ellipsoidal particles are expected
to give a stronger ER e�ect than spherical particles. Experiments on cylindrical �bers
with di�erent aspect ratios showed that the ER e�ect increased signi�cantly with aspect
ratio[4].
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2 Introduction to Electrorheology

The main motivation for studying ER materials has been the possibility of using them in
various industries, especially in the automotive- and robotics industry. The reason for this
is that we can controll the state of the material by an electrical signal, making it a perfect
mechanical-electrical interface. Proposed applications are ER clutches, brakes, damping
devices, hydraulic valves, smart training equipment etc. Some of these applications have
already been patented.

There are several challenges that must be overcome before ER �uids can be used for
industrial applications. The main problem with the present ER �uids are the they have
too low yield stress, i.e. they can not handle the stress needed for the industrial applica-
tions. The are also problems with the stability of the suspensions due to sedimentation.
A decrease in the concentration gives a lower ER e�ect.

By understanding the mechanisms that control the ER e�ect better, we can choose
the most suitable materials, both in terms of yield stress strength and stability. The
properties of ER �uid can also be further improved by adding additives to the suspensions
that enhances the ER e�ect and improves particle sedimentation properties.

4



3 Theory

3.1 Rheology

The term rheology was introduced by Professor Bingham of Lafayette College, Indiania,
on the advice of a colleague. It means the science of deformation and �ow of matter.
This de�nition was accepted when the American Society of Rheology was founded in
1929.

Rheology deals with widely di�ering materials such as asphalts, lubricants, paints, plas-
tics, rubber, polymers, cosmetics, food articles, suspensions and many more. This makes
rheology a multidisciplinary discipline involving scientists with di�erent backgrounds,
such as physics, mathematics, chemistry, biology and engineering. Rheology has played
a very important role in the chemical processing industry.

The de�nition of rheology suggest that the behavior of all matter can be studied, from
Hookean solids to Newtonian viscous liquids. However, these two classical extremes are
considered to be outside the scope of rheology. Nevertheless they are useful because
they introduce important concepts and de�nitions used in rheology. I will give a brief
introduction of the two cases in the following sections.

3.1.1 Hookean Solid

Lets consider a Hookean solid with the bottom face �xed, as shown in Figure 3.1. A
force F is applied to the upper surface (area A). The resulting shear stress τ = F

A , is
given by

τ = Gγ, (3.1)

where γ is the shear angle (strain) and G is the shear modulus.

3.1.2 Newtonian Liquids

Consider a liquid between two parallel planes (area A), shown in Figure 3.2. A force F
gives the upper plane a velocity U . The shear stress required to produce the motion is

5



3 Theory

Figure 3.1: Hookean solid sheared at upper surface

τ = η
U

d
= η

dvx

dy
= ηγ̇, (3.2)

where η is the shear viscosity or simply the viscosity, and γ̇ is the shear rate. The
viscosity is a measure of a liquid's resistance to �ow.

Figure 3.2: Two parallel planes with a liquid between. The upper plane moves with a
velocity U , shearing the liquid

The viscosity is highly dependent on the temperature T in the liquid. The Arrhenius
expression gives an approximation for this relationship for Newtonian liquids[5],

η(T ) = Ae−
B
T , (3.3)

where A and B are constants of the liquid. The viscosity decreases with increasing
temperature. This is why it is very important to control the temperature when doing
rheological measurements.

3.1.3 Non-Newtonian Liquids

Generally η is not a coe�cient as suggested by Equation (3.2), but a function of the
shear rate γ̇. Liquids with a shear dependent viscosity are called non-Newtonian �uids.
Liquids with a viscosity which increases with increasing shear rate are called shear-

thickening liquids. Liquids with the opposite behavior are called shear-thinning liquids.
Typical non-Newtonian liquids are suspensions, emulsions and polymer solutions.
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3.1 Rheology

3.1.4 Rheology of Suspensions

The viscosity of suspensions of solid particles in Newtonian liquids is dependent on the
amount solid particles added, the particle shape and charge[6]. Einstein derived a theo-
retical expression for the viscosity of hard, spherical, monodisperse and non-interacting
particles in a Newtonian �uid in 1906. Five years later he corrected his own calculations.
The expression he found relates the viscosity, η, to the particle volume fraction, Φ, and
the viscosity of the suspending medium, ηs, viz.

η = ηs(1 +
1
2
Φ)(1 + Φ + Φ2 + . . . )2. (3.4)

For su�cient dilute dispersions, neglecting higher order term of Φ, Equation (3.4) can
be simpli�ed to

η = ηs(1 + 2.5Φ). (3.5)

A considerable amount of work has been made to extend the work done by Einstein
to account for e�ects such as particle size, shape, charge and hydrodynamic interaction
between particles. The result of this work is often equations on the form[6][5]

η = ηs(1 + C1Φ + C1Φ2 + . . . ), (3.6)

where C1 = 2.5 and C2 varying from 5 to 15. These expressions are only valid for dilute
dispersions (less than Φ = 10 %).

The in�uence of particle concentration of the concentrated suspensions is best determined
in relation to the maximum packing fraction Φm[5]. The maximum packing fraction
corresponds to the number of particles which gives continuous three-dimensional contact
between particles throughout the suspension. In this limit �ow is impossible, i.e. the
viscosity tends to in�nity. For monodisperse spheres Φm lies between1 0.52 and2 0.74.
In general the maximum packing fraction is very sensitive to particle-size distribution
and shape. Broader particle-size distributions have higher values of Φm, because small
particles �t into the gaps between the bigger ones. Non-spherical particles on the other
hand give lower packing fractions because of poorer space-�lling.

Ball and Richmond[7] derived an expression for concentrated Newtonian suspensions by
assuming that the e�ect of all particles added to the suspension, is the sum of the e�ects
of particles added sequentially. By writing Equation (3.5) in a di�erential form and
integrating the phase volume from zero to Φ, the viscosity is given by

η = ηse2.5Φ. (3.7)
1simple cubic
2face-centered cubic/hexangonal close packed

7



3 Theory

By taking into account the fact that when adding more particles to a concentrated
dispersion the particles requires more space due to packing di�culties, Equation (3.7)
can be modi�ed to

η = ηs(1−KΦ)−
2.5
K , (3.8)

where K is a constant less than 1.

We see that the viscosity goes to in�nity when Φ → 1
K , so

1
K can be identi�ed as Φm.

This is identical to the Krieger-Dougtherty expression[8], viz.

η = ηs

(
1− Φ

Φm

)−2.5Φm

. (3.9)

3.2 Electrorheology

The strength of the ER e�ect is determined by the size, shape and volume fraction of the
dispersed solid particles, but the most important is the di�erence in conductivity and/or
dielectric constant between the solid particles and the insulating oil.

There are several theoretical models to describe the microstructural of an ER �uid in an
electric �eld. I will only give a brief presentation of the most accepted ones, namely the
polarization model and the conductivity model, following Huang [9].

3.2.1 The Polarization Model

The polarization model focus on the di�erence in the dielectric constant between the
dispersed particles and the dispersing phase. Upon application of an external electric
�eld, each particle in the �uid is polarized due to the mismatch of dielectric constants.
In general the polarization may arise from various mechanisms of charge transport, such
as orientation of atomic or molecular dipoles and interfacial polarization, with the latter
thought to be the most important in most cases[10].

For spherical particles with radius a and dielectric constant εp dispersed in an insulating
liquid with dielectric constant εf , the induced dipole moment is given by[9]

~p =
εp − εf

εp + 2εf
εfa3 ~Eloc, (3.10)

where ~Eloc is the local �eld.

The resulting interaction between two induced spherical particles can be approximated
by point dipole interaction. The interaction energy can be written as

8



3.2 Electrorheology

(a) (b)

Figure 3.3: Schematic illustration of micro structure change of an ER �uid before (a)
and after (b) an external electric �eld is applied

Wdip = −~p1 − ~p2

r3
12

+
(~p1 · ~r12)(~p2 · ~r12)

r5
12

, (3.11)

where ~r12 is the displacement vector from dipole ~p1 to ~p2 and r12 is the distance between
them. The approximation holds as long as the dipoles are well separated.

The interaction between dipoles is anisotropic, making it energetic favorable to form
chains aligned along the direction of the electric �eld. Figure 3.3 shows a schematic
drawing of the chain formation. Experiments with spherical particles have shown that
the ER-e�ect is stronger then what calculations suggests. This is because particles come
very close to each other in strong electric �elds, and the point dipole approximation is
not valid. Multipole interactions between particles are strong and must be taken into
account.

3.2.2 The Conduction Model

Anderson[11] and Lewis [12] found that the conductivity of the particle and carrier liquid
plays an important role in the ER-e�ect when the electric �eld is in the low-frequency
AC region or DC region. This is called the conduction model. The dipole moment for
spherical particles with conductivity σp in a carrier �uid with conductivity σf is given
by

~p = 4πεf
σp − σf

σp + 2σf
a3 ~E. (3.12)

These dipoles will also interact with each other to form chains. This model has been
modi�ed to account for increasing conductivity due to nonlinear e�ects in the narrow
interparticle gaps[13][14].

9



3 Theory

3.2.3 Other Models

The presented models are simple physical models which only takes one parameter into
consideration, namely the dielectric constant and the conductivity. They both explain
why chains are formed in ER-�uids in electric �elds, but they do not tell the whole
story. The Maxwell-Wagner interfacial polarization model is the simplest description of
particle polarization accounting for both the particle and �uid bulk conductivity, as well
as their permittivities. This model has successfully described some of the main features
of electrorheological response, e.g. the behavior under steady and oscillatory shear �ow
and time-varying electric �eld. In high electric �elds non-linear e�ects are important and
must be considered in the models. This has shown to be di�cult.

There are a lot of theories about the role water plays in ER-�uids. The background for
this is that it was observed that some ER-�uids were not active until a small amount of
water was added. The double-layer-, water bridge-, interfacial polarization model are just
some of the proposed theories. Since water gives limitations in the operation temperature
of the ER �uid, it is generally preferred to have non-aqueous ER �uids. This is the case
for the ER �uid use here. I will therefore not go further into detail on these models.

For a more extensive treatment of the theoretical models used to model the ER �uids, I
recommend the review articles by Parthasarathy and Klingenberg[15] and See[10].

3.3 Flow Behavior of Electrorheological Fluids

3.3.1 Bingham Fluid Model

The �ow behavior of an ER �uid in an electric �eld higher than Ec under shearing
deformation can be represented by the Bingham �uid model. The shear stress is given
by

τ = τy(E) + ηplγ̇ for τ > τy

γ̇ = 0 for τ < τy
(3.13)

where τy is the yield stress induced by the electric �eld and ηpl is the plastic viscosity.

The plastic viscosity will in general decrease with increasing shear rate, approaching the
zero �eld viscosity at high shear rates. This shear-thinning behavior can be explained
by a gradual degradation of the chains and the coloums in the ER �uid due to increased
shearing. It is a competition between the electric �eld, to form new chains, and the
shearing e�ect, to break the chains. As the shear stress increases the electric �eld is
not able to polarize particles fast enough to form new chains, thus the decrease in the
viscosity.
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3.3 Flow Behavior of Electrorheological Fluids

(a) (b)

Figure 3.4: Schematic illustration of the static yield stress. The chains can resist shear
stress (a) up a certain limit were they break (b) and the ER �uid starts �owing

In the literature several di�erent yield stresses occur, the dynamic yield stress and the
static yield stress being the most common. The dynamic yield stress for steady shear is
de�ned as the value of the shear stress in the limit of zero shear rate[15], i.e

τd ≡ lim
γ̇→0

τ(γ̇).

The static yield stress, τs, can be explained by the minimal stress needed to bring the
sample, initially at rest, in an irreversible �ow. As illustrated in Figure 3.4, the static
yield stress can be interpret as the stress needed to break the chain formed in the ER
�uid.

It should be noted that the yield stress can not be absolutely determined. The dynamic
yield stress requires extrapolating experimental data at a �nite shear rate, and thus may
depend on the shear rate range employed. For the static yield stress we need to know
that smaller shear stress do not induce �ow at long timescales. Thus, τs can in general
depend on the observation time.

Figure 3.5 summarizes the relation between the shear rate and the shear stress for the
di�erent liquids discussed here. The blue line shows the situation for a Newtonian liquid
(η constant), the two black line shows non-Newtonian behavior (η(γ̇)) and the red line
represents a Bingham �uid (η constant).

3.3.2 Static Yield Stress

Experimentally and theoretically, it is found that the static yield stress depends on the
electric �eld and the volume fraction, Φ, of dispersed particles, viz.

τs = ΦβEα, (3.14)

where α and β are parameters. Experimentally, it is found that α is close to 2 for low to
moderate electric �eld strengths and below 2 for higher �eld strengths. The polarization

11



3 Theory

Figure 3.5: Relation between the shear stress and shear rate for di�erent �uids

model predicts α = 2 and β = 1 for spherical particles. The conductivity model gives
1 < α < 2, and β < 1 for high and low volume fractions and β > 1 for moderate volume
fractions[1].
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4 Experimental

4.1 Materials

4.1.1 Laponite

Laponite RD purchased from Laporte Ltd. was used in these experiments. Laponite is a
synthetic hecorite clay, with a speci�c particle density of ρs = 2.65[16]. Clays are made
up of sheets of tetrahedral and octahedrally coordinated cations bound to oxygen[17]. A
single laponite particle consist of one octahedral sheet between two tetrahedral sheets,
often referred to as a (2:1) layer clay. Smectites are one of the (2:1) clays. Smectites
are so-called swelling or expanding clays, which means that they can absorb hydrated
cations and polar molecules between the sheets.

Figure 4.1 shows the idealized structure for a laponite unit cell. This shows six octra-
hedral magnesium ions sandwiched between two layers of four tetrahedral silicon atoms.
These groups are balanced by twenty oxygen atoms and four hydroxyl groups. In practice
some of the magnesium ions are replaced by lithium ions and some spaces are empty,
giving a charge de�ciency of 0.7 per unit cell. The approximate empirical formula is
Na+

0.7 [Li0.3Mg5.5Si8O20(OH)4]
0.7−[18]. The unit cell is repeated many times in two di-

mensions, giving laponite a well de�ned shape and size, viz disc-shaped particle with
a thickness of approximately 1 nm and diameter of 25-30 nm, respectively[18][19][20].
Because of this, laponite is often used as a model anisotropic colloid to study phase
behavior of disk-like particles. A single laponite particle is shown in Figure 4.2.

Figure 4.1: Idealized structure formula of a laponite unit cell (from [18])
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4 Experimental

Figure 4.2: Single laponite particle (from [18])

4.1.2 Silicone Oil

The silicone oil used was Dow Corning 200 �uid 100 cS. The oil has a viscosity of 100
cS (=100 mPa·s) and a speci�c particle density of 0.973 at 25 ◦C. It is a relatively
nonconducting liquid, σf (0)=5.0·10−12 S

m [21].

4.1.3 Sample Preparation

Samples are prepared by heating both the laponite and the silicone oil at 130 ◦C for
72 hours. This is done to make sure that there is no trace of water in the samples.
Immediately after the heating, the appropriate amount of laponite is mixed with 50 ml
silicone oil, sealed and then cooled down to room temperature. The samples are then
shaken and put in a supersonic bath for 30 minutes. Before a sample is used in rheological
measurement, it must be be shaken vigorously for about 5 minutes.

Figure 4.3: Two samples, both made of 3 g laponite and 50 ml silicon oil. The left sample
has been let to rest, while the sample to the right has been shaken recently.

The samples used here were made of a varying amount of laponite, from 1 g to 15 g,
dispersed in 50 ml silicone oil. The 1 g dispersion was not used for any electrorheological
study, since the ER e�ect is very weak. The amount of laponite was weighed out before
the clay was heated, so the actual amount of laponite probably was a little less because
of water loss.
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4.2 Experimental Setup

The concentration of suspensions are often given by the concentration by mass, χ, or the
volume fraction, Φ, where

χ =
mclay(g)
Voil(ml)

· 100%,

and

Φ =
Vclay

Voil
=

mclay

ρclay

Voil
.

The speci�c particle density, ρs, is related to the normal density, ρ, by

ρs =
ρ

ρwater
, (4.1)

where ρwater is the density of water, 1.0 · 103 g
dm3 .

Table 4.1 shows the concentration of laponite in the suspensions.

Table 4.1: Concentration of suspensions used

Mass LP χ Φ
(g) (%)
1 2 0.0075
3 6 0.023
5 10 0.038
7.5 15 0.057
10 20 0.075
12.5 25 0.094
15 30 0.113

When the laponite was dispersed in oil, no large aggregates or �ocs could be seen by
visual observation. Optical microscope studies performed by other however, showed
large aggregates with a size distribution of 0.5 to 2 µm for the largest dimension[1].

4.2 Experimental Setup

4.2.1 Rheometer

The rheometer used is a Physica MCR 300. It is a rotational rheometer with an air
bearing motor. The temperature of the sample can be controlled in a wide temperature
range. All measurements performed here are taken at 25 ◦C, unless something else is
speci�ed. For electrorheological measurements the Electro Rheological Device (ERD) is
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4 Experimental

(a) (b)

Figure 4.4: The rheometer (a) with the ERD-system (b)

used. It consists of rotating concentric cylinder and a cup coupled to a high voltage
supply, shown schematic in �gure 4.5. Voltages from 0 to 12500 V can be applied. The
gap between the inner and the outer cylinder is 1.13 mm and the cup contains 19.35 ml
sample.

4.2.2 Rotational Viscometers

A viscometer is an instrument for measurement of shear viscosity only, while a rheometer
is a instrument for measuring rheological properties in general. One can say that the
rheometer is a more sophisticated and advanced version of the viscometer. It is able to
produce both steady shear and oscillating motion among other things. I will give a brief
introduction to how rotational concentric-cylinder viscometers work, since the priciples
are the same as for the rheometer.

Rotational viscometers relay on rotation motion to achieve a simple shearing �ow[5].
Inducing the �ow can be done in two ways, one can either drive one member and measure
the resulting couple, or apply a couple and measure the subsequent rotation rate. The
former was introduced by Couette in 1888 and the latter by Searle in 1912. There are
two ways that the rotation can be applied and the couple measured. The �rst way is to
drive one member and measure the couple on the same member, or you can drive one
member and measure the couple on the other.
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4.2 Experimental Setup

Figure 4.5: Schematic drawing of the Electro Rheological Device

Rotational concentric-cylinder viscometers consists of two parts, a rotating inner cylinder
and a stationary outer cup. If the ratio between the radius of the inner and the outer
cylinder is greater than 0.97, we call it a narrow-gap concentric-cylinder viscometer. If
the ratio is less than 0.97 we call it a wide-gap concentric-cylinder viscometer. The latter
is the case for the ERD use here, where ri = 13.33 mm and ro = 14.46 mm ( ri

ro
= 0.92).

For the narrow-gap system the test liquid between the gap experience an almost constant
shear rate and the viscosity can easily be calcualted. This is not the case for wide-gap
systems. Here we need to manipulate the data to produce correct viscosity. This non-
trivial operation has been done by Krieger and Maron (1954), here I will only give the
results.

Wide-Gap Concentric-Cylinder Viscometer

The shear rate at the inner cylinder at a given angular velocity ω is given by[5]

γ̇ =
2ω

n(1− b
2
n )

, (4.2)

where b = ri
ro

and n is a parameter dependent on the test liquid.

If the couple on the cylinders is C, i.e. the force needed to rotate the cylinder at a speed
ω, the shear stress in the liquid is given by

τ =
C

2πr2
i L

, (4.3)

where L is the e�ective immersed length of liquid being sheared.

n can be determined by plotting C vs ω on a double-logarithmic basis and taking the
slope at the ω under consideration.
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The viscosity can then be calculated by dividing the shear stress by the shear rate, which
gives

η =
Cn(1− b

2
n )

4πωr2
i L

. (4.4)

4.2.3 Motor Calibration and Viscosity Tests

Before doing rheological measurements with the Physica MCR 300 the motor speed of
the rheometer may need to be adjusted. To check if this is necessary, we can rotate the
the cylinder at a constant speed n = 0.3 1

min in air and plot the torque vs. time. If the
resulting plot shows an uneven zigzag pattern or there are large torque �uctuations, a
motor adjustment is necessary. Figure 4.6 shows a typical measurement resulting from
an uncalibrated motor.

Figure 4.6: Plot of torque (µNm) vs. time (s) measured in air at constant motor speed,
n = 0.3 1

min , before the motor adjustment

After the motor adjustment (at n = 0.3 U
min) has been performed, the air test should give

a nice zigzag pattern. Such a pattern is shown in Figure 4.7. After this procedure the
rheometer is ready to measure low torque (∼ 10−6 Nm), which is necessary for measuring
low-viscosity �uids.

Figure 4.7: Plot of torque (µNm) vs. time (s) measured in air at constant motor speed,
n = 0.3 1

min , after the motor adjustment
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4.2 Experimental Setup

Further viscosity measurements on two di�erent Newtonian �uid, viz. distilled water and
a viscosity standard oil, are performed to insure correct readings over a wide viscosity
range. Distilled water has a viscosity less than 1 mPa·s at 25 ◦C, while the viscosity of the
Brook�eld Viscosity Standard oil used is 500 mPa·s at 25 ◦C. Figure 4.8 and 4.9 shows
the viscosity as a function of shear rate (0.1-100 1

s ) for distilled water and the Brook�eld
viscosity standard, respectively. We see that there are oscillations in the viscosity of
water at low shear rates (> 10 1

s ). This is due to limitation in the rheometer`s low torque
measurement.

Figure 4.8: Viscosity of water vs. shear rate

Figure 4.9: Viscosity of Brooks�eld Viscosity Standard (500 mPa·s) vs. shear rate

4.2.4 Experimental Consideration Using the ERD

When applying a voltage to the ERD cell, the cup is covered by a plastic cover containing
two metallic brushes, shown in Figure 4.10. These brushes touch the rotating inner
cylinder, grounding the ERD cell. The metallic brushes obviously e�ects the rheological
measurements. To check how these brushes in�uence the measurements several di�erent
tests are performed. First a controlled shear rate (CSR) test on distilled water was
performed, γ̇ increased in steps from 0.01 to 100 1

s while measuring the viscosity. A plot
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(a) (b)

Figure 4.10: The ERD with plastic cover (a) which contains two metallic grounding
brushes (b) touching the rotating cylinder

of the viscosity vs. shear rate is shown in Figure 4.11, measured with and without the
grounding brushes.

We see that the grounding brushes gives a huge contribution to the measured viscosity,
especially at low and intermediate shear rates. Figure 4.12 shows the results of tests with
constant shear rates, γ̇ =10, 50, 80 and 100 1

s . The viscosity is plotted as a function of
time. There are large �uctuations in the viscosity at γ̇ =10 1

s , for the other the viscosity
is pretty stable over the whole time period. At the higher shear rates we can �nd and
subtract the contribution of the brushes to get the viscosity of the �uid.

A controlled shear stress (CSS) test is also carried out to see if the grounding brushes
contributes to a yield stress. This is done by increasing the shear stress in steps from
0-5 Pa, while observing the change in shear rate. Figure 4.13 shows that the grounding
brushes gives a contribution of ∼ 1 Pa to the yield stress. This value will be subtracted
from all yield stress measurements.

4.3 Measurements

4.3.1 Rheological Properties of Suspensions

First thing we are interested in is the rheology of the suspensions without an electric �eld
present. Are the suspensions Newtonian or non-Newtonian �uids, i.e. is the viscosity a
function of the shear rate or is it simply a constant. This can be determined by increasing
the shear rate in steps from a small value to a large, e.g. 0.01-1000 1

s , while measuring
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4.3 Measurements

Figure 4.11: Viscosity of water vs. shear rate measured with and without the grounding
brushes

Figure 4.12: Viscosity of water vs. time measured at di�erent shear rates with the
grounding brushes
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4 Experimental

Figure 4.13: Shear stress vs. shear rate measured for water, with and without grounding
brushes

the viscosity.

It is also interesting to see how the viscosity of the suspensions changes with the amount
of laponite added. This can be done by measuring the viscosity of suspensions with
di�erent volume fractions. By plotting the viscosity vs. the volume fraction we can �t
the data to suitable models.

Another thing that has to be considered while doing measurements is the stability of the
suspensions. As seen from the two samples in Figure 4.3, the stability of the suspensions
is limited due to particle sedimentation. To �nd out how the concentration of a samples
changes over time, a controlled shear rate (CSR) test can be preformed. While shearing
the suspension at a constant shear rate for a long time, e.g γ̇ =10 1

s in 40 minutes, we
see how the viscosity develops over time. This makes it possible to determined how long
time we can do measurement on the same sample, in order to a have approximately the
same concentration of laponite in the sheared liquid.

4.3.2 Electrorheological Properties of Suspensions

The electrorheological e�ect can easily be observed by measuring the viscosity of the
�uid in an external electric �eld, e.g. in a controlled shear rate test. By applying an
electric �eld for 5 minutes to a ER suspension at res,t and then start to shear it with
increasing shear rate, we expect to see a shear-thinning behavior. The time or shear
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4.3 Measurements

rate it takes for the ER �uid to reach its zero �eld viscosity can be used to characterize
the strength of the ER e�ect. Such tests were performed in my summerjob for di�erent
suspension concentrations and electric �elds. The samples I used were old and had been
used many times, so the concentrations were rather inaccurate. In these measurements
e�ects of sedimentation were not considered, neither was the e�ect of grounding brushes.
Thus the results of these measurements will not be subject to further analysis. They are
included in this report just to show the shear-thinning behavior of ER �uids in electric
�elds.

Measuring the static yield stress is perhaps a better way to determine the strength of the
ER-e�ect, and it has been the main focus in my work. This is done by preshearing the
suspension at γ̇ = 100 1

s for 100 seconds, apply an electric �eld for 5 minutes without
shearing and �nally increasing the shear stress in steps from zero up to a value su�cient
to break the chains, e.g. τ = 0− 30 Pa for low concentrations and τ = 0− 70 Pa for the
highest concentrations.
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5 Results and Analysis

5.1 Rheology of Suspensions in Zero Electric Field

5.1.1 Shear Viscosity η(γ̇)

The results of viscosity measurements for shear rate from 0.1-1000 1
s for the suspension

with the lowest and highest laponite concentration (Φ=0.023 and 0.113) are shown in
Figure 5.1. Both suspensions have quite constant viscosity over the given shear rate
range, i.e they behave as Newtonian �uids.

Figure 5.1: The viscosity vs. shear rate

The viscosity of the suspensions as a function of the laponite concentration is shown in
Figure 5.2. The data is also �tted to the Krieger-Dougtherty expression, Equation (3.9).
The �t is quite good, giving a maximum packing fraction Φm ≈ 0.71.

5.1.2 Sedimentation

Figure 5.3 shows the result of the sedimentation measurements for di�erent laponite con-
centrations. There is an increase in the viscosities in the beginning, reaching a maximum
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5.1 Rheology of Suspensions in Zero Electric Field

Figure 5.2: Viscosity of suspension as a function of volume fraction laponite

for t = 250− 450 s, then the viscosities gradually decreases. This behavior is especially
clear for the highest laponite concentrations. It is pretty obvious that the decrease in the
viscosity is because particles sediment to the bottom of the cup, making the concentra-
tions of the sheared liquid lower. The sudden increase in the viscosity is more surprising.
One explanation of this behavior can be that the shearing causes laponite particles to
form large aggregates, which in turn increases the viscosity. After some time the large
aggregates will start sedimenting to the bottom of the cup due to gravity.

Since rheology only gives information on the macroscopic behavior of a system, we need to
use other techniques to get the microscopic behavior. Suitable techniques include Small
Angle Neutron Scattering (SANS) or Dynamic Light Scattering (DLS). The Physica 300
MCR Rheometer used in this study also include a Small Angle Light Scattering System
which can be used during shearing. This system has not been tested yet. I am planning
to set up and test this system in my Master thesis work after Christmas. Hopefully this
system can give us more information about what happens in the laponite suspension
under shearing. Although this can be di�cult since the suspensions are opaque at high
laponite concentrations.

New measurements were performed to test the reproducibility of the viscosity curves. The
samples were poured back to their containers, the cup and cylinder were washed, samples
were shaken and a new measurements where performed. Figure 5.4 shows the viscosity
curves for a concentration Φ = 0.094, for the �rst, second and third measurement. The
shape of the curves is reproduced quite well, but the viscosity decreases for every new
test. This is because every time the cup is washed some laponite is lost, giving a lower
and lower concentration. The same behavior is found for all concentration. This means
that to be sure that the concentration is right, we can only use a sample once.
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5 Results and Analysis

Figure 5.3: Viscosity vs. time at constant shear rate, γ̇=10 1
s , for di�erent laponite

concentrations

Figure 5.4: Reproducibility of viscosity curves shown for Φ = 0.094
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5.2 Rheology of Suspensions in an Electric Field

Another thing we see from Figure 5.3 is that there is a bump in the curves for the
three highest concentrations. This is especially evident in �gure 5.4 for t ≈ 1500 s. A
reasonable explanation for these bumps can be that the height of the sediment layer a the
bottom of the cup is so big that the rotating cylinder comes in contact with it, pushing
it away. This can explain why we only see this behavior for the largest concentrations.

5.2 Rheology of Suspensions in an Electric Field

5.2.1 Shear-Thinning

Figure 5.5 shows the viscosity as a function of shear rate for a Φ ≈ 0.075 suspension in
di�erent electric �elds. The electric �eld was switched on for 5 minutes before the shearing
start. The red dots are the viscosity in zero electric �eld, but with the grounding brushes.
We see that the viscosity increases with increasing electric �eld strength, indicating the
presence of more or stronger chain- or column-like structures for higher �eld strength.
The shear-thinning behavior, due to breaking of chains or columns, is also evident. The
maximum shear rate used here (100 1

s ) is not high enough to completely break down the
structures formed in the ER �uid even at 200 V

mm .

Figure 5.5: Viscosity vs. shear rate for laponite concentration Φ ≈ 0.075 for di�erent
electric �elds
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5 Results and Analysis

5.2.2 Static Yield Stress

Figure 5.6 and 5.7 shows the results of the static yield stress measurements for the
lowest and the highest laponite concentration, respectively. In these �gures the e�ect
of the grounding brushes has not been subtracted. The value for the static yield stress
corresponds to the shear stress value where there is a sudden increase in the shear rate.
The static yield stress for laponite concentration of Φ = 0.023 is very low, except for
the highest electric �eld (1000 V

mm). For the highest laponite concentration, we see a
signi�cantly higher yield stress. Already at 400 V

mm the yield stress is higher than the
one measured at 800 V

mm for the lowest laponite concentration.

Figure 5.6: Shear rate vs. shear stress, Φ = 0.023

The values for the static yield stress for all laponite concentrations are summarized in
Table 5.1, where the e�ect of the grounding brushes has been subtracted. In Figure 5.8
the static yield stress is plotted as function of the electric �eld for all concentrations. We
see that the ER e�ect is almost zero or at least very low at 200 V

mm , indicating that the
�eld strength is too low to align and polarize a signi�cant amount of laponite particles
or that the process is very slow. In the 400-600 V

mm range we see a clear increase in the
static yield stress compared with the lowest �eld. This is as expected since the critical
�eld strength, Ec, for forming chain- or column-like structures lies in this range[1]. There
is a clear increase in the static yield stress from 600 to 800 V

mm , but the largest increase
is between 800 and 1000 V

mm .

The plots of the static yield stress vs. the electric �eld, Figure 5.8, can be �tted to a
allometric function form, τs = a· Eα, to get the electric �eld dependency of the yield
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Figure 5.7: Shear rate vs. shear stress, Φ = 0.113

Figure 5.8: Static yield stress vs. E for di�erent laponite concentrations
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Table 5.1: Static yield stress for di�erent laponite concentrations in electric �elds from
0.2-1 kV

mm

E Φ=0.023 Φ=0.038 Φ=0.058 Φ=0.075 Φ=0.094 Φ=0.113
( V
mm) (Pa) (Pa) (Pa) (Pa) (Pa) (Pa)
200 0.5 1.0 2.0 2.0 3.0 3.5
400 2.0 4.5 6.5 8.5 10.5 12.5
500 3.5 6.5 9.0 11.5 17.0 18.0
600 5.5 10.0 12.5 17.5 20.5 25.5
800 9.5 12.5 19.0 25.5 36.0 40.0
1000 17.5 21.0 29.5 37.5 53.0 60.0

stress. Figure 5.2.2 shows the �t for the largest laponite concentration and the parameters
obtained by the �tting. The other plots were also �tted to the same function form. The
electric �eld dependent parameters α obtained by the �tting procedure are shown in
Table 5.2.

To get Φβ we plot the static yield stress as a function of the volume fraction for di�erent
electric �elds and use the same �tting procedure as above. This is shown in Figure
5.9, where E=600 V

mm has been �tted to τs = a · Φβ . It seems to be an almost linear
dependence between the static yield stress and the volume fraction. This is con�rmed
by the �tting procedure, which gives β between 0.91 and 1.07, as shown in Table 5.3.

We see that the electric �eld dependent parameter (Table 5.2), α, for the lowest laponite
concentration (α = 2.37) di�er signi�cantly from the others (α ∼ 1.70). The reason for
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Table 5.2: Parameter obtained by �tting τs ∝ Eα

Volume fraction Eα

Φ α

0.023 2.37±0.10
0.038 1.66±0.15
0.054 1.69±0.04
0.075 1.63±0.06
0.094 1.75±0.05
0.113 1.72±0.03

Table 5.3: Parameter obtained by �tting τs ∝ Φβ

Electric �eld Φβ

V
mm β

200 1.07±0.06
400 0.98±0.05
500 1.00±0.09
600 0.91±0.04
800 1.01±0.07
1000 0.92±0.08

this can be that the ER e�ect is very small up until the highest electric �elds (800, 1000
kV
mm), thus giving a larger �eld dependence. The average value of α is 1.80.

The average value of β (Table 5.3) is 0.98. This gives an linear relationship between the
static yield stress and the volume fraction, as predicted by the polarization model.

The results for the α parameter are in fairly good agreement with what PhD. K.P.S
Palmar found in his PhD thesis[1]. He got α-values between 1.72 and 1.94 with a average
of 1.85 for higher electric �elds (1.1-3.54 kV

mm) and concentrations Φ from 0.179 to 0.488.
However, it seems like he has used the concentration by mass χ or something else instead
of the volume fraction. If we compare the viscosity he got for a 0.45 volume fraction
solution with what I got for a 0.113 volume fraction solution, we see that we get approx-
mately the same viscosity, i.e. ∼ 180 mPa·s. This means that one of us has calculated
the volume fraction wrong, and the value he obtained for β, 1.70, is probably wrong.
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Figure 5.9: Static yield stress vs. volume fraction for di�erent electric �eld
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6 Conclusion

I have discussed di�erent things that have to be considered when using the Electro Rhe-
ological Device on the rheometer. The grounding brushes gives a large contribution to
the viscosity especially at low shear rates. At low shear rates there are also large �uctua-
tions in the viscosity contribution from the brushes which makes accurate measurements
di�cult. At higher shear rates the brushes gives an almost uniform contribution which
can easily can be subtracted in order to get the viscosity of the liquid. The grounding
brushes also contributes to a arti�cial yield stress in the order of 1 Pa.

The dispersions of laponite in silicone oil with volume fraction up to 0.113 behaves
as Newtonian liquids in the shear rate range investigated, 0-1000 1

s . The viscosity of
the disperions as function of volume fraction laponite added was �tted to the Krieger-
Dougtherty expression. The maximum packing fraction was determined from the �tting
procedure, which gave Φm = 0.71.

Sedimentation tests were performed to check the stability of the dispersions due to sed-
imentation. It was found that the viscosity �rst increases to a maximum and then
gradually decreases. The increase is maybe due to changes in the particle size as a con-
sequence of shearing, i.e. formation of large aggregates etc. The decrease in the viscosity
occures because particles sediment to the bottom of the container, decreasing the overall
concentration of the sheared dispersion.

When the laponite dispersions are under in�uence of an electric �eld higher than ∼600
V

mm the viscosity of the dispersion increases dramatically. This behavior characterizes
Electrorheological �uids. The increase in the viscosity is a result of polarized particles
forming chain- or column-like structure in the direction of the electric �eld. This for-
mation also gives ER �uids a yield stress. The static yield stress, the stress needed to
break the structure in an ER �uid initially at rest, was measured. It was found that
the static yield stress depends on the volume fraction and the electric �eld according to
τs = Φβ · Eα, where β was close to 1 and α was around 1.70, except for the lowest con-
centration where α = 2.37. The average value of β and α was 0.98 and 1.80, respectively.
The α value is close to what PhD. K.P.S Palmar found in his thesis, 1.85. The β value
he got, 1.70, di�ers from the result obtained here.
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Part II

Modi�ed Laponite
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7 Surface Modi�cation of Laponite

7.1 Aim

To prevent laponite particles from forming large aggregates when dispersed in oil, we
want to try to alter the nature of the clay surfaces. One idea was to try to make the
surfaces hydrophobic, or actually lipophilic. A lipophilic molecule will attract non-polar
organic compounds such as oils. Thus lipophilic molecules in oil will maximize their
contact with the non-polar phase and disperse as single molecules. Changing the surface
properties of laponite can be done by exchanging the Na+ ions on the laponite surface
with other cations with the desired properties.

7.2 Clays in Water and Cation Exchange

A very important property of clay surfaces is their chemical activity and their interaction
with ions in aqueous solution[17]. In these solutions we usually �nd dissolved species such
as charged ions or molecules. Some of these ions or molecules can be attracted to the
charged clay surfaces and adsorbed onto the surface. In some species of clay charged
ions and molecules can be absorbed by the clays into internal crystallographic sites. The
adsorbed ions are normally accompanied by water molecules, expanding the clays, in
aqueous solution.

If more then one type of ion or charged molecule can be adsorbed to the clay surfaces,
a selection process will start. The amount of adsorbed ions or molecules on the clay
surfaces depends on the concentration of each kind. The more an ion or molecule is
present in the solution, the more of it will be on the clays surface. The attraction of ions
or charged molecules are not the same for all species. There is also a selection between
di�erent types of ions, i.e. some ion-types are more attracted to the clay surface then
others. This depends on the chemical constitution of the clay, as well as the a�nity of
the ions or molecules present in the aqueous solution. The composition of the aqueous
solution, i.e. the concentrations of ions in solution, can a�ect the attraction for clay sites
as well. If an ion that is adsorbed or absorbed by the clay is displaced by another due to a
change in the aqueous solution, the ion is desorbed. However, if the desorbed ion instead
is replaced by another ion, the ion is exchanged. This process is called ion exchange. For
simple ionic species in solution, these relations are known as cation exchange.
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A measurement for the total number of charged ions which can be �xed onto the surfaces
of clays is given by the cation exchange capacity (CEC). The CEC gives the number of
moles of ionic charge �xed on a given amount of dry clay, usually 100 g. The values
are expressed in milli-equivalents of charge (moles) divided 100 g clay. The reason for
this strange measurement is that such values are often determined for bulk clay or soil
samples where one has a mixture of clay and other phases present.

7.3 Quaternary Ammonium Surfactants

In the literature it has been reported that by treating clays with quaternary ammonium
surfactants the clay surfaces has become hydrophobic[22][23][24]. The procedure often
used, is to add quaternary ammonium surfactants to dilute (e.g. wt. 1 %) aqueous
solutions of clays while stirring and heating the solution. The added amount of surfactant
is based upon the CEC. Nakamura and Thomas[22] reported that a concentration of
CTAB corresponding to 2×CEC of the clay was used to achieve hydrophobic surfaces on
the clay, but also 1×CEC has been used[24].

Quaternary ammonium surfactants, e.g. cetyltrimethylammonium bromid (CTAB),
dimethyl dioctadecyl ammonium bromid (DODAB), cetyltrimethyl ammonium chloride
(CTAC), cetyltrimethylammonium acetate (CTAA) etc., are amphiphilic molecules, i.e.
chain like molecules with a hydrophilic head group and hydrophobic tail. The structural
formula is NR+

4 , with R being alkyl groups. When these molecules are dispersed in
aqueous solutions over a certain concentration they can form micelles. Micelles are
aggregates of amphiphilic molecules, formed in such a way that the contact between the
the hydrophobic tails and water is minimized.

When a quaternary ammonium surfactant is added to a water/clay solution the charge
balancing cations (Na+ for laponite) on the clay surfaces will be exchange by CTA+.
ions. This is because of the propensity of the ions and the fact that the hydrophobic tail
prefers to hide from the aqueous medium. If the amount of CTA+ ions present in the
solution is right a complete cation exchange is possible.

7.4 Cation Exchange Using CTAB

In our attempt to alter the clay surfaces we used CTAB, simply because it was available
from our supplier, VWR. The chemical structure of CTAB is shown i Figure 7.1. The
molar mass of CTAB is Mm = 346.46 g

mole .

The �rst procedure we tried was to mix the appropriate amount CTAB to a 1 wt. %
solution of laponite in water while strirring and heating the solution. Then we simply
boiled away the water. The remaining powder was then crushed with a pestle and mortar
and then dispersed in silicone oil. The resulting dispersion showed large white aggregates.
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We realized that with this procedure CTAB molecules who had not reacted with laponite
would still be present in the powder.

The second procedure we tried is similar to what Leach et al.[25] used, only that they used
the surfactant DODAB. We decided to try with a CTAB concentration corresponding to
2×CEC of laponite.

Figure 7.1: Chemical structure of CTAB (from [26])

Several di�erent CEC values for laponite are reported in the literature, from 47[27][28]
to 75[24][29] mequiv

100g . We decided to use the CEC value of 47 meq
100g after consulting with

supervisor Fossum. For monovalent ions1 1 meq equals 1 milli mole[30].

For every gram laponite we should then add (using 2× CEC) x grams of CTAB,

x = 2× CEC ·Mm(CTAB) =
0.094 [mole CTAB]

100 [g laponite]
·Mm(CTAB)

[g]
[mole]

= 0.3256
[g CTAB]

[g laponite]
.

The procedure used to prepare CTAB modi�ed Laponite:

1. Mix 2.5 g CTAB in 400 ml distilled water while stirring and heat up to 80 ◦C

2. While stirring and heating the solution add 100 ml ethanol (20 %)

3. Add the stoichiometric amount of laponite (7.67 g) to the hot solution

4. Cover and cool the stirring solution to room temperature over night

5. Filtrate the solution using 0.2 µm �lterpaper

6. Redisperse the the CTAB/laponite in a 125 ml (50:50) ethanol/water solution

7. Repeat the �ltering process four times

8. Dry the CTAB/laponite in 100 ◦C over night

9. Crush powder with pestle and mortar

10. Dry powder one hour at 100 ◦C

1Monovalent ion: one valence
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11. Put the powder in an airtight container

The solubility of CTAB in water was 3 g
L . We used higher CTAB concentration which

resulted in formation of �ocs in the solution. By adding ethanol to the water solution
CTAB dissolved better, thus making it more reactive. This procedure gave about 7 g
dry CTAB modi�ed Laponite.

7.5 Rheological Measurements

Before the CTAB modi�ed laponite was dispersed in silicone oil, the clay and the silicone
oil was heated at 130 ◦C over night to remove remaining water. This treatment seemed
to a�ect the modi�ed clay, because when mixing the clay and the oil together the solution
got yellow and many large particles was observed. Visual sedimentation test showed that
the dispersion was not very stable. Measurements with the rheometer showed the same.
In Figure 7.2 the sedimentation curve for the CTAB modi�ed laponite is compared with
the same concentration of pure laponite. The viscosity of the dispersion of modi�ed clay
is about 15 mPa·s smaller then pure laponite suspension initially, which may be because
large particles sediment very quick. The overall shape of the curves is however much the
same, with an increase in the beginning, followed by a gradual decrease.

A static yield test was performed on the CTAB modi�ed laponite in an electric �eld of
1 kV

mm , shown in Figure 7.3. The modi�ed clay showed a much weaker static yield stress,
∼ 16 Pa, compared with pure laponite at the same concentration Φ = 0.075, which has
37.5 Pa. This can be explained by the fact that the relative laponite concentration is
lower for the CTAB modi�ed laponite then the pure laponite, and the rapid particle
sedimentation. It is also possible that the heating treatment destroyed the modi�ed clay.
The viscosity shows a strange behavior over the static yield stress.

The remaining CTAB modi�ed laponite (∼0.3 g) was dispersed in a small amount of
silicon oil (∼5 ml), Φ ≈ 0.023, without heating the clay. The clay dispersed quite well,
but also this dispersion contained large particles visible for the eye. This indicate that
the crushing procedure we used were insu�cient.

7.6 Industrial Treated Laponite

An industrial treated laponite from Southern Clay Products was also tested. The chem-
ical product identi�cation name is Alkyl Quaternary Ammonium Smectite (AQAS) and
the trade name SCPX-2849, SO-8147. No further information on the product was avail-
able.

The AQAS clay was dispersed in silicon oil following the same procedure described for
pure laponite. Two dispersions were made, one with volume fraction Φ = 0.038 and
one with Φ = 0.057. These dispersions were much more stable then the dispersions of
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Figure 7.2: Viscosity vs. time at constant shear rate γ̇=10 1
s

Figure 7.3: Static yield stress measurement of CTAB mod. laponite (Φ = 0.075) in 1
kV
mm
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pure laponite in silicone oil. Sedimentation tests done with the rheometer also con�rmed
this. The results are shown in Figure 7.4. For the lowest concentration we see a gradual
increase in the viscosity over the whole time period from 142 to 145.5 mPa·s. While the
highest concentration there is a increase in the viscosity up to t≈800 s, followed by a �at
region up to t≈1800 s, from this point there is a slow decrease in the viscosity.

Figure 7.4: Viscosity vs. time for modi�ed laponite at γ̇=10 1
s

To test the ER e�ect of the AQAS clay, static yield stress tests were performed in the
same way as described before. A �eld strength of 1 kV

mm was used. The result of these
measurements is shown i Figure 7.5. The static yield stress is about 5 Pa for Φ = 0.038
and 11 Pa for Φ = 0.057. This is about four and three times lower then the static
yield stress measured on the normal laponite suspension at the same concentrations and
electric �eld.

7.7 Conclusion

Whether or not the surface treatment of laponite was successful is unknown. Hardly
any conclusions can be made of the CTAB modi�ed laponite dispersed in silicone oil,
since the heating treatment may have destroyed the clay. Unfortunately there were not
enough CTAB modi�ed clay left to do new tests in the rheometer or enough time to make
a new modi�ed clay. The small sample we made showed some promising properties, even
though there were large particles present. The crushing of the CTAB modi�ed clay were
insu�cient, and must be improved. So new tests have to be done next year.

40



7.7 Conclusion

Figure 7.5: Static yield stress test for the AQAS clay at 1 kV
mm

The results of the sedimentation tests for the AQAS clay dispsersed in silicone oil were
very good. The viscosities did not decrease over the time period, they rather increased
a bit. This is a completely di�erent behavior than for the normal laponite suspensions.
However, the static yield stress measured for the two concentrations was three to four
times weaker than for the normal laponite suspensions. One reason for this is that the
relative laponite concentration are much smaller in the AQAS clay. It should be possible
to use higher concentration of this clay since it is more stable to achieve the same ER
e�ect.
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