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Abstract

This Master thesis was an experimental study of the structure and resulting
electrorheological (ER) behaviour of clays dispersed in melted para�n wax
or silicone oil. Four kinds of clay were used. Laponite RD, Alkyl Quater-
nary Ammonium Smectite (AQAS), laponite RD treated with the surfactant
Cethyltrimethylammonium Bromide (CTAB) (similar to the AQAS) and Nickel-
Fluorohectorite (NiFH).

Laponite RD was treated with CTAB to make it lipophilic. The �nished clay
showed behaviour throughout the various experiments which suggest some im-
proved stability of the suspensions. However, the production method was not
optimal and there is still large potensial for improvement. A better method
was suggested and tested by Dr. B. Wang with positive results, but the indus-
try fabricated lipophilic clay AQAS made the surface modi�cation with CTAB
redundant.

Pictures of the ER structure of clays were taken with optical microscopes, both
for dispersions in silicone oil and para�n. Some �lms of the dynamics were
also recorded, where dynamics of the chain structure were observed. Pictures of
laponite RD in para�n were taken between crossed polarizers, where birefrin-
gence and anisotropy were evident.

In order to improve the stability of the ER suspensions, exposure to ultrasound
was attempted. The reduction of the sedimentation rate, i.e. the total sedimen-
tation, for AQAS in liquid para�n was signi�cant. The memory of ultrasound
treatment was also present to some extent in the same samples after solidi�-
cation and reheating of the para�n. Similar tests with silicone oil showed a
slight improvement. Ultrasound was also tested with respect to sedimentation
times. It was found that AQAS samples in silicone oil sediments slowed af-
ter ultrasound treatment and that the e�ect was strongest for low temperature
ultrasound treatment.

Clay samples with ER structures frozen in para�n were investigated with small
angle X-ray scattering (SAXS) and wide angle X-ray scattering (WAXS). In
addition, ER e�ect of clays dispersed in silicone oil was investigated in situ with
SAXS. The scattering data from clay samples in para�n were found to be of little
value for both SAXS and WAXS due to dominant scattering from the para�n
wax. Some trace of anisotropic scattering was found, but no conclusions could be
made. It was found that the �eld in�uence impaired the crystalline structure of
para�n. Scattering from the oil samples showed anisotropic pattern, indicating
a direction preference of the clay particles and thus present ER e�ect.

Samples of AQAS in para�n were investigated with an atomic force microscope
(AFM) in tapping mode. No evidence for ER structure was observed using
AFM.
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Chapter 1

Introduction

Electrorheological �uids are �uids which can switch from liquid to solid state
within milliseconds when an electric �eld is applied, due to a major change in
the viscosity. This is illustrated in Figure 1.1. The viscosity change arises from
a polarization of suspended particles in the �uid. This ability to easily control
the rigidity of a suspension is of great interest in �elds like robotics, automotive
and military industry [2], and generally, in every situation where a controllable
viscosity is advantageous.

Figure 1.1: The viscosity of the clay suspension has an abrupt change in mag-
nitude when a strong electric �eld is applied. The sample is sheared with a
constant shear rate γ̇ = 5 1

s with an electric �eld strength oscillating between 0
and 1 kV

mm .

1



2 CHAPTER 1. INTRODUCTION

Despite the huge potensial, several obstacles remains to overcome before ER
devices can experience widespread commercialization. Three crucial problems
with ER �uids today can be mentioned. A low yield stress, i.e. the strength of
the chains, the lack of stability, i.e. the particle sedimentation over time, and
a narrow operating temperature interval. [2, 3] Many questions are still unan-
swered and a better understanding of the underlying mechanisms are needed. It
is thus a hope that this work can provide new knowledge to this scienti�c �eld.

The ER e�ect in the current work was created by placing the �uid between two
conducting electodes. The �uid will then behave as an ER �uid when a strong
electric �eld is present. This was achieved by applying a high voltage between
the two electrodes, in accordance with the following equation:

E =
V

d
, (1.1)

where V is the voltage and d is the distance between the electrodes.

The main objective for this thesis was to investigate the structure and result-
ing electrorheological behaviour of clays dispersed in melted para�n wax or
silicone oil. Several di�erent investigative methods were used in the approach,
where optical microscope, X-ray scattering and atomic force microscope consti-
tute the main tools. Four di�erent clays were used to prepare the ER �uids.
Laponite RD, Alkyl Quaternary Ammonium Smectite (AQAS), laponite RD
treated with the surfactant Cethyltrimethylammonium Bromide (CTAB) and
Nickel-Fluorohectorite (NiFH).

To be able to disperse the laponite RD particles better, the surfactant CTAB
was used to make laponite RD lipophilic. The goal was to prevent the parti-
cles from sedimenting, i.e. to stabilize the dispersion. AQAS is a fabricated
lipophilic laponite clay, prepared with a surfactant similar to CTAB. Series of
sedimentation experiments were performed to understand and reveal the sedi-
mentation behaviour. Ultrasound treatment was tried as a method for improved
stability. The goal was to increase the time of sedimentation and to reduce the
total sedimentation, i.e. the amount of the particles which sediments over long
time scales.

To better understand the ER structure, pictures of the samples were taken with
optical microscopes, and some �lms of the ER development and dynamic were
recorded. Para�n samples were also examined with X-ray scattering and with
atomic force microscope to learn more about the structures.

This thesis is split into �ve main parts. An overview of the underlying theories
are described in part I. The equipment and compounds which were used are
presented in part II. Part III consists of the experimental setups. Part IV
describes and analysing the results, before the conclusion are presented in part
V.



Part I

Theory
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Chapter 2

Rheology

2.1 Introduction to Rheology

The term rheology was invented by Professor Bingham, and means the study of
the deformation and �ow of matter. [4] The de�nition was accepted in 1929 when
the American Society of Rheology was founded. Rheology involves a wide range
of scienti�c disciplines, and early papers included the study of materials such
as asphalt, lubricants, paints, plastics and rubber. Nowadays the range is even
wider with the introduction of biorheology, polymer rheology and suspension
rheology. It is also important in the chemical process industry. [4]

2.2 Electrorheology

Materials that can undergo a phase-transition from liquid to solid-like state
under the application of an external electric �eld, are termed (positive1) elec-
trorheological �uids and were �rst described by W. M. Winslow [5] in 1949. The
electrorheological �uid consists of �nite-conductive polarizable particles in an
insulating �uid, often an oil. The shear stress and viscosity of the �uid increases
tremendously, often with several orders of magnitude, when �eld strengths in
the order of 1 kV

mm is applied. The solidi�cation can occur within milliseconds
when working with large �elds. This behavior comes from a structural change of
the suspended particles. When the �eld is applied, �eld-induced dipoles attract
each other and tend to form chain structures in the direction of the �eld, as
shown in Figure 2.1.

1If the viscosity of the dispersion increases under in�uence of an external electrical �eld,
it is called a positive electrorheological �uid. If the viscosity decreases, the �uid is negative

electrorheological [2]

4
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Figure 2.1: Electrorheological e�ect. (a) E = 0 and the particles in a liquid
carrier are randomly oriented. (b) An electric �eld is applied and the particles
are polarized and orients themselves in the direction of the �eld, forming chains
and columns [6].

The chain structures restrains the �uid �ow and therefore increase the viscosity
and the shear stress. This e�ect is entirely reversible and the electrorheological
(ER) e�ect will disappear and the �uid recover its original state within the
same time-scale as it occurred when the electrical �eld is removed. This fast,
strong and reversible change in the rheological properties provides a wide range
of possible applications such as dampers, clutches, brakes, valves and actuators.
Despite of this huge potential, few ER devices are available. This has to do with
the lack of e�ective �uids [2, 7�10].

To achieve satisfying ER performance for an application, the �uids should ful�l
several requirements where the most important are high dynamic yield stress,
large increase in viscosity, fast response time, low current density through the
�uid, stability against sedimentation, chemical degradation and irreversible �oc-
culation. In addition, these �uids must also be able to operate over large tem-
perature ranges. The complexity of the behavior of the �uid is also a problem
in the design of ER devices. It is dependent of variables such as electric �eld
strength and frequency, deformation history, temperature and composition. In
addition, the solution often includes additives like surfactants and activators to
improve the ER e�ect, complicating the situation even further [9, 10].

2.2.1 The Polarization Model

Electrostatic polarization models can describe many experimentally observed
features of the ER �uids, such as the formation of aggregates and �eld strength
and concentration dependence of formation properties. The agreements between
observations and models suggest that polarization interaction between particles
is the origin of the ER e�ect [10].
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The polarization can be described using a simpli�ed model based on identi-
cal spherical dielectric particles dispersed in an insulating �uid. Responses are
assumed to be linear. Under the application of an electric �eld, each particle in
the �uid is polarized, see Figure 2.1. The induced dipole moment is given by

p =
εp − εf

εp + 2εf
εfa3Eloc, (2.1)

where a is the radius of the spherical particle. εp and εf are the dielectric
constant for the particles and �uid, and Eloc is the local electric �eld. The po-
larization is caused by a mismatch in the dielectric constants [6]. Equation (2.1)
indicates that particles with large εp provides the strongest ER e�ect. This is
not always the case, and demonstrates that the polarization model approach not
always is su�cient. The model can not explain phenomena like the dependence
of the electrical �eld frequency or the dependence of particle conductivity. The
conductivity can be included in the polarization model by replacing ε with the
complex permittivity. Such a model can describe the observed physics better
than the simple polarization model, but the drawback of both methods are the
lack of prediction for dynamic systems, i.e. they only apply after the micro-
structure has fully formed [11].

There exist more advanced and powerful models which can describe the observed
physics better, e.g. a model by Khusid and Acrivos [12]. For a more complete
understanding of the electrorheological theory, the PhD thesis by Huang [6] can
be read.

2.3 The Shear-dependent Viscosity

The term viscosity describes a �uid's resistance to �ow. Newton postulated2 a
linear relation between a shear stress τ and a velocity gradient, or shear rate γ̇,

τ = ηγ̇, (2.2)

where η is the viscosity. For such liquids, called Newtonian �uids, the viscosity
is independent of the shear rate. In rheology, most �uids do not show such
behaviour, meaning that η is a function of the shear rate, η(γ̇), often called the
shear viscosity. Such �uids are called Non-Newtonian. Fluids with a viscos-
ity which decreases with increasing shear rate are called shear-thinning �uids.
Fluids with the opposite behavior are called shear-thickening. Suspensions and
emulsions are typically Non-Newtonian �uids. [4] The viscosity is also strongly
temperature dependent. The viscosity for Newtonian �uids decreases for in-
creasing temperature, approximately according to the relation

2Philosophiae Naturalis Principia Mathematica (1687)
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η = Ae
−B
T , (2.3)

where A and B are �uid dependent constants. In general, the greater the vis-
cosity, the stronger is the temperature dependence. [4]

Figure 2.2 shows the di�erence in shear response for Newtonian, shear-thinning,
shear-thickening and Bingham �uids.

Figure 2.2: The relation between shear stress and shear rate for di�erent �uids.

2.3.1 Bingham Fluids

Bingham �uids are Non-Newtonian �uids characterized by a yield stress. As
opposed to newtonian �uids they can transmit a velocity gradient without a
shear stress. To make a Bingham �uid �ow, one must have a shear stress
larger than the yield stress, which means that for shear stresses below this
limit, the �uid will behave like a solid, and above the limit, as a �uid [13].
The electrorheological shear-response is commonly described with the Bingham
model. The shear-stress τ is described as

τ(γ̇, E0) = τ0(E0) + ηplγ̇, (2.4)

for τ > τ0. γ̇ = 0 for τ < τ0. Here, E0 is the applied electrical �eld, γ̇ is the
shear rate, τ0 is the dynamic yield stress and ηpl is the plastic viscosity [10]. The
plastic viscosity will in general decrease with increasing shear rate, approaching



8 CHAPTER 2. RHEOLOGY

the zero �eld viscosity for high shear rates. This shear-thinning behaviour can
be explained by chains or columns in the ER suspension which are gradually
broken down by the increasing shearing. The yield stress τ0 is found theoretically
and experimentally to follow the relation

τ0(E0) ∝ Φ∆Eα
0 , (2.5)

where Φ is the volume fraction of particles. The polarization model predicts
that ∆ = 1 and α = 2 [11]. For low and moderate �eld strengths it is observed
α ≈ 2. For high �elds, the magnitude of α decreases somewhat [10].



Chapter 3

Surface Treatment

3.1 Surfactant

Surfactants are usually organic amphiphilic molecules. The term amphiphilic
means that the molecule has one hydrophilic part, usually called the �head�,
and one hydrophobic part, often a long hydrocarbon chain, usually called the
�tail�. This amphiphilic nature makes the molecule soluble in both water and
organic solutions. The CTAB molecule shown in Figure 7.8 in chapter 7, shows
a typically example of such an amphiphilic surfactant, with the characteristic
�head & tail� design. When present in a solution over a certain concentration,
the surfactant molecules aspire to make micelles. A micelle is an aggregate
of surfactant molecules, where the molecules tends to minimize the contact
between water and the hydrophobic part by encircling the hydrophobic tails
with the heads. If the surfactant is solved in organic material, in this case oil
or para�n, the hydrophilic parts will be in the core, and the micelle is said to
be reverse, shown in Figure 3.1 [14].

Figure 3.1: Schematic of a reverse micelle, showing the hydrocarbon chains
creating a protecting shell around the hydrophilic parts.

9
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3.2 Quaternary Ammonium Cation

The quaternary ammonium (QA) cation is a positively charged ion of the struc-
ture NR+

4 , where the Rs are alkyl groups. These alkyl groups can be di�erent
in size and even connected. Unlike regular ammonium ions, the QA is per-
manently charged, at any pH. These ions, or actually salts of this ion, can be
used as surfactants [15], in our case, to modify the surface of clays. The CTAB
(see section 3.3 and 7.3) is such a QA salt. The already modi�ed clay, Alkyl
Quaternary Ammonium Smectite (AQAS), see section 7.1.1, is modi�ed with a
QA surfactant to become lipophilic1.

When a quaternary ammonium surfactant is added to a water/clay solution the
charge balancing cations (Na+ for laponite RD) on the clay surfaces will be
exchanged by QA+-ions. (In this case 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 QA+-ions present in the solution
is right, a complete cation exchange is possible.

3.3 Ionic Exchange

Ion exchange is a reversible process where dissolved ions are taken up by a
solid, replacing ions already attached to the solid. The amount of charge does
not change neither in the solution nor on the solid in this process [17]. The
property of adsorbing and absorbing ions in a solution is called cationic exchange
capacity, CEC. This is a measure of the total number of charged ions which can
be �xed onto the surfaces of clays, more speci�c the number of moles of ionic
charge �xed on 100 g dry clay. The unit of the CEC is milli−equivalents

100 g or meq
100 g .

If ions or charged molecules in a solution can be attracted to a clay surface
there will be a selection between the species available. The more there exist of
a charged species in the solution, the more of it will be �xed on the clay surface,
according to the law of chemical mass action. Some species are more strongly
attracted to the clay than other. The selection depends on the constitution and
species of clay and the a�nity of the charged particles to remain in the solution.
The preference for an species of ions to be taken up by the clay over another
ion species, is called cation selectivity. If an ion is held on the clay surface and
become displaced by another due to change in its aqueous concentration, the
ion is desorbed. If it is desorbed by an ion introduced by the aqueous solution,
it is said to be exchanged [18].

1Lipophilic materials are materials which attract non-polar organic compounds, most no-
tably oils, fats, greases, and oily substances. In most cases, synonymous with hydrophobic [16].



Chapter 4

X-ray Scattering

Among the probes that can be used to investigate the structure of condensed
matter, scattering experiments are of particular importance due to their applica-
bility. The source of information is usually electromagnetic waves, (in addition
to neutrons and electrons) where X-rays, waves in the range 0.01 - 10 nm, were
used in the current experiments. The setup is characterized by a primary beam
with frequency ω0, a wavevector ~k and an intensity I0. The waves hit the sam-
ple and creates spherical scattering waves. The resulting scattered intensity I
depends on the observation direction and the sample-detector distance R. [19]

The terms scattering and di�raction are closely related to each other. In optics,
scattering is de�ned as interaction of waves or photons with unordered atoms,
while di�raction is described as scattering in those situations where some of the
object is made up of ordered atoms. These arranged atoms scatter the waves in
spesi�c directions. A single atom scatter an incident X-ray beam in all direction
in space, but when the number of atoms are large and arranged in a periodic
lattice they scatter, or di�ract, the beam in relatively few directions. This
happens because the periodic arrangement of atoms or ions causes destructive
interference in all directions except for those predicted by Bragg's law, where
contructive interference occurs. When the crystal contains imperfections, the
di�raction occurs at non-Bragg angles so that the Bragg peaks are no longer
delta-functions. [11]

The Bragg scattering law provides information on the arrangement of atoms
in crystalline structure materials. This scattering can be periodic, originated
from crystalline nature, or non-periodic, from disordered nature. The scattered
intensity I is often described as a function of the scattering vector ~q, which is
given by

~q =
4π

λ
sin

(
2θ

2

)
, (4.1)

11
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where λ is wavelength and 2θ is the scattering angle, the angle between the
scattered and transmitted beams. For constructive interference of scattered
X-rays, Bragg's law is given by

2dhkl sin
(

2θ

2

)
= nλ, (4.2)

where dhkl is the spacing between any two hkl planes of the crystal. Bragg
re�ections can occur only for wavelengths λ ≤ 2dhkl. These equations are based
on and derived for ideal conditions. The principle of Bragg scattering is shown
in Figure 4.1. Bragg's law is a purely geometrical law.

Figure 4.1: The principle of Bragg scattering. ki and ks are the incident and
the scattered wave vector. The relationship between them is ~q = ~ks − ~ki. The
path di�erence is 2d sin (θ).

Comparing equation 4.1 and 4.2 leads to

qhkl =
2π

dhkl
. (4.3)

When combining these equations it is easy to determine the spacing d between
any two of the crystalline planes.

It is the scattered intensity which is measured by the detector. There are many
ways of describing this intensity. According to Strobl [19], it is in general given
by

I(~q) ∝
〈
|E′

0(~q)|2
〉
∝

∑
j,k

fjfk

〈
e−i~q(~rj− ~rk)

〉
. (4.4)
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where E0 represent the amplitude of the scattered wave, fj and fk are form
factors and

〈
e−i~q(~rj− ~rk)

〉
are a phase term.

Powder Scattering

Di�erent materials scatter X-rays in di�erent ways. A good crystalline powder,
e.g. clay, consists of thousands of tiny crystallites oriented at random. The
powder is isotropically distributed in three dimensions. Some of the particles
have the correct orientation relative to the incident wavevectors ~ki, for Bragg
scattering. The scattered wavevectors ~ks are thus distributed evenly on a cone
with ~ks as the axis and an apex half angle 2θ. This phenomenon can be seen as
the characteristic rings on the scattering data �gures in chapter 15.

A thorough presentation of the scattering theory will not be presented, since
much of it has little direct impact on the data analysis. A detailed theory
presentation is easy accessible, and can be found in e.g. Strobl [19] or Nielsen
and McMorrow [20].



Chapter 5

Optics

In optical microscopy, light is the source of information. Light can be described
as transverse electromagnetic waves consisting of mutually perpendicular elec-
tric and magnetic �elds, as shown in Figure 5.1. The propagation direction is
perpendicular to both the magnetic and electric �eld such that the two �elds
and the propagation direction forms a right-hand system.

Figure 5.1: An elctromagnetic wave. [21]

5.1 Polarization

Polarized light is light where the electric �eld of all waves oscillates in a spesi�c
direction. Materials which allows only light with a speci�c angle of vibration to
pass through are called polarizers. If the light oscillates in a plane it is said to be
linear polarized. If two polarizers are set up in series with parallel optical axes,
light passes through both. However, if the axes are set up 90◦ apart (crossed),
the polarized light transmitted through the �rst is extinguished by the second.

14
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As the angle rotates from 0 to 90◦, the amount of light that is transmitted
decreases continuously until the polarizers absorbs everything at 90◦. [22] This
is shown in Figure 5.2.

Figure 5.2: Linear polarization of light. Two polarizers are set up in series
with parallel optical axes and light passes through both. Then the axes are set
up 90◦ apart (crossed), and the polarized light transmitted through the �rst is
extinguished by the second. [22]

5.1.1 Polarization Types

Consider two plane-polarized waves with a phase di�erence Φ.

Ex = Axeiωt (5.1)

and

Ez = Aze
i(ωt+Φ), (5.2)

where Ax and Az are amplitudes, ω is frequency and t time. The light is in
general elliptically polarized because the electric �eld vector describes an ellipse
during each period of the wave. [23] If the amplitudes are equal, Ax = Az

and Φ = 0, these waves are in phase, and their vector sum leads to a linearly
polarized wave at 45◦, as shown in Figure 5.3 (a). Similarly, if Φ is π, the
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resultant is linearly polarized at -45◦, as shown in Figure 5.3 (b). If Φ is π
2 ,

the ellipse becomes a circle if Ax = Az, and the light is circularly polarized, as
shown in Figure 5.3 (c). If the amplitudes (A) are equal but the phase di�erence
Φ is a random variable of time, the light is unpolarized. Natural light such as
sunlight or blackbody radiation is unpolarized or nearly unpolarized. [23�25]

Figure 5.3: Di�erent polarization directions of light. (a) If these waves are in
phase, their vector sum leads to a linearly polarized wave at 45◦, (b) Similarly,
if the phase di�erence is π, the resultant is linearly polarized at -45◦, (c) If the
phase di�erence is π

2 , the light is circularly polarized. [25]
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5.1.2 Birefringence

Birefringent materials are materials that produces polarized light. They have
two indices of refraction so that the incoming light can be separated into two
waves. The refractive index n is given by

n =
c

v
, (5.3)

where c is the vacuum velocity of light. This means that a di�erence in re-
fractive index leads to di�eret velocities v, thus leading to a phase di�erence
dependent on the transmitted material. This phase di�erence will introduce
a change in polarization. [24] Some crystals are anisotropic, meaning that the
physical properties vary with direction, e.g. the index of refraction. These ma-
terials are birefringent, which means that some light will transmit when they
are placed between crossed polarizers. [23, 25] Pictures of birefrigent materials
show distingusihed areas with di�erent colours depending on the length and ori-
entation of the birefringent material. The chain formations in ER materials give
anisotropic particle distributions, and an investigation of such samples should
lead to light transmittance. With no present ER e�ect, these samples could
ideally be isotropic and not transmitting any light.





Part II

Equipment & Chemical

Compounds
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Chapter 6

Equipment

6.1 The Sample Cell

To make samples of frozen laponite chains, the cell shown in Figure 6.1 was
used. The dispersed laponite was poured onto the cell which was placed on a
piece of glass. When the para�n is cold, the voltage can be turned o� and the
sample taken out from the cell for observation.

Figure 6.1: The sample cell. The sample is placed in the 1 mm gap between
the two electrodes. The long black pipe is the high voltage contact. The small
black contact is the ground contact. The yellow cable is placed on the cell to
measure the actual voltage applied.

The cells were created particularly for these experiments, based on an old, simi-
lar model. The old model had a glass disk glued on beneath the electrodes, and
this new model was designed with the same intention. Later, it was concluded

20
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that it was much easier to remove the �nished sample without the the glass
disk. The absence of the glass lead to very fragile cells because of the very small
areas where glue can be placed, and the cells needed repairs several times. In
future experiments the cells should be redesigned to be more robust.

6.2 High Voltage Power-Supply

To achieve the required voltage needed in the experiments a high voltage power-
supply was used, shown in Figure 6.2. The in- and out-voltage is proportional
where Vin = 0− 15 V and Vout = 0− 5 kV. All experiments were performed at
Vout = 2 kV.

Figure 6.2: High voltage power-supply.

6.3 Optical Microscope

To observe and study the samples, an optical microscope, Zeiss Stemi 2000C
Stereomicroscope, was used, shown in Figure 6.3.

To achieve additional magni�cation a 2x supplementary lens, screwed to the
objective front lens mount, was available. This supplementary lens was more
or less permanently mounted due to one of the light sources, Figure 6.6 (a),
which was almost unattachable without the supplementary lens. To handle the
samples on the microscope a very simple stage was used, shown in Figure 6.3
(b).
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(a) (b)

Figure 6.3: (a): The microscope, (b): Close view showing the stage and the
supplementary lens

6.4 Camera

One of the advantages of the microscope used is the camera port which allows a
camera to be mounted on top of the microscope, and hence lets the user utilize a
computer monitor for study instead of the eyepieces, which simplify the sample
viewing considerably. The camera model used was a PixeLINK 1.3 Megapixel
FireWire Camera PL-A642 (shown in Figure 6.4).

Figure 6.4: The camera [26].
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(a) (b)

Figure 6.5: (a): The software menu, (b): A captured picture of laponite in
para�n. The heigth of the picture is approximately 4.5 mm.

The camera is connected to the computer with a �re-wire cable. Software in-
cluded with the camera o�ers real-time isochronous video streaming and makes
it possible to follow the sample continuously, also under movement. The software
gives the opportunity to adjust, e.g., the exposure and saturation of the image,
but the perhaps greatest advantage of the camera compared to the eyepieces, is
the option to take snapshot images of the sample at any time and setting [26].
The software menu and an example of a captured picture are shown in Fig-
ure 6.5 The camera was also used for making movies of the electrorheological
dynamics, using Windows Movie Maker software.

6.5 Light Sources

To observe the samples in the microscope, two di�erent light sources were used.
One source, StockerYale 20, illuminates from above, and another, Zeiss KL 200,
illuminates from beneath. The light sources are shown in Figure 6.6 (a) and
(b), respectively.

6.6 Heating Plate

The heating plate, Heidolph MR3001, shown in Figure 6.7 o�ers a stepless
temperature control and a stepless blender function. This is mainly used to heat
the cell and glass plate before use. The purpose of the heating is to prepare the
liquid para�n without having to worry about solidi�cation. It is also used as a
blender and heater under the preparation of laponite with CTAB.
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(a) (b)

Figure 6.6: (a): The light source used to illuminate the samples from above,
(b): The light source used to illuminate the samples from beneath.

Figure 6.7: The heating plate.

6.7 Multimeter

The multimeter, PeakTech 4370, was used to measure the applied voltage over
the cell. The multimeter is shown in Fig 6.8.
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Figure 6.8: The multimeter. [27]

6.8 Voltage Divider

To be able to measure the applied voltage with a normal multimeter, a voltage
divider was used. This is shown in Figure 6.9. The voltage is divided by a factor
of 1000.

Figure 6.9: The voltage divider.

6.9 Ultrasonic Cleaner

The ultrasonic cleaner, a Branson 5510, was used to improve the dispersion of
the clay solutions. It also has the possibility to be used as a heater. The cleaner
is shown in Figure 6.10.
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Figure 6.10: The Ultrasonic Cleaner. [28]

(a) (b)

Figure 6.11: (a): The rheometer, (b): The ERD-system

6.10 Rheometer

The rheometer used is a Physica MCR 300, shown in Figure 6.11. It is a
rotational rheometer with an air bearing motor. The sample temperature can
be controlled in a wide temperature range, limited by the heating liquid, in this
case water. For electrorheological measurements the Electro Rheological Device
(ERD) is used. It consists of a rotating concentric cylinder and a cup coupled
to a high voltage supply. Voltages from 0 to 12.5 kV can be applied. The gap
between the inner and the outer cylinder is 1.13 mm and the cup contains 19.35
ml sample.
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6.11 Atomic Force Microscope

Scanning Probe Microscopy (SPM) consist of a family of microscopy forms where
a sharp probe is scanned across a surface and some probe-sample interaction or
interactions are monitored. The Atomic Force Microscopy (AFM) is one of two
primary forms of SPM. The AFM has 3 di�erent scans meodes, i.e. Contact
mode, Non-contact mode and Tapping mode. In the current experiments the
tapping mode was used, due to its superiority on soft materials (para�n) scans.
The force and hence the damage to soft surfaces is low. The only inconvenience
with the tapping mode is that it is time-consuming compared to the other
alternatives. [29] The AFM used is shown in Figure 6.12.

Figure 6.12: The Veeco MMAFMLN-AM multimode Atomic Force Microscope.

An overview of the tapping mode is shown in Figure 6.13. The microscope oper-
ates by scanning a tip attached to the end of an oscillating cantilever across the
sample surface. The cantilever is oscillated with an amplitude ranging typically
between 20 and 100 nm. The tip lightly �taps� on the sample surface during
scanning, making contact with the surface at the bottom of its swing. The ver-
tical position of the scanner at each data point in order to maintain a constant
setpoint amplitude is stored by the computer to form a topographic image of
the sample surface. [29]
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Figure 6.13: Schematic of the tapping mode AFM. [29]

6.12 SAXS

The X-ray scattering experiments were performed utilizing Bruker AXS NanoS-
TAR, a Small Angle X-ray Scattering (SAXS) system, shown in Figure 6.14.
It uses a two dimensional detector and has the possibility of di�erent sample-
detector distances, hence making it possible to perform both SAXS and WAXS1

experiments with the same equipment. The equipment consists of four main
parts viz. the generating source, the pinhole collimating system, the sample
chamber and the detector. The �rst two parts, the generating source and the
pinhole collimating system, constitute an optical system that provides the X-ray
beam to be monochromatic and well collimated.

The generating source is a water cooled rotating Cu anode. A crossed cou-
pled monochromater, called Göbel mirrors, shown in Figure 6.15, selects the
characteristic Kα radiation from the continuous white spectrum. The original
divergent beam is adjusted to a two-dimensional parallel beam. [30]

The three pinhole collimation system, shown in Figure 6.16, limits the divergence
and shadows the edge scattering of the system. The outcome from the �rst
two parts of the NanoStar is a well de�ned, parallel and monochromatic X-ray
beam. [30] The size of the point focus is 0.4 mm×0.8 mm, and the wavelength
of the beam is λ = 1.541838 Å.

1Wide Angle X-ray Scattering
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Figure 6.14: The Bruker AXS NanoSTAR instrument with the SAXS con�gu-
ration, indicated by the long tube, i.e. a long sample to detector distance. To
the right in the picture one can �nd the sample chamber. The detector is shown
to the left.

Figure 6.15: The Göbel mirrors. [30]

Figure 6.16: The pinhole collimating system principle. The �rst two pinholes
limit the divergence whereas the third pinhole shadows the edge scattering of
the second pinhole. [30]

The sample chamber has a software operated goniometer drive allowing for
positioning of the sample in an xy-plane perpendicular to the incoming beam.
This allows sample positioning over distances of 100 mm in y-direction and 80
mm in x-direction.
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The HiStar detector is a two dimensional multiwire grid detector with pres-
surized Xe-gas which yields the opportunity to determine the x-positions and
y-positions of X-rays in its imaging area. Noble gas atoms are ionized by incident
X-rays, and these charged particles are attracted to and interact with electrodes
to produce electrical signals indicative of the x-positions and y-positions of the
original X-ray. [30]
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Chemical Compounds

7.1 Clays

Clays have played an important role throughout history and were among the
�rst materials utilized by humans, as building materials and pottery. Nowadays
clays have a vast range of applications in e.g. the oil and paper industry. [31,
32] The de�nition of clays was given in the nineteenth century based on their
particle size, where particles with extension less than 2 µm were called clays.
This was the limit of the optical microscope resolution, meaning that mineral
particle beyond this limit were called clays. Although this de�nition no longer is
su�cient, most particles of this size belong to the same mineral group and have
a lot in common [18]. Clay as an object of scienti�c study was established in the
1930s. However, applications of clays beyond the traditional approaches are only
in its infancy. Clays are now starting to be included together with other complex
adaptive materials such as polymers, biomaterials and liquid crystals. [31, 33]
Clays have been described as the materials of the 21st century. [32]

The clay minerals belong to the mineral group phyllosilicates. They can take
a large variety of forms like amorphous, chain and layered structures, with
primary plate let-shaped particles. Each of the platelets has a thickness of
approximately 1 nm and a lateral size varying from tenths of nm up to a few µm.
The structure of a single clay platelet is made up of tetrahedral and octahedral
sheets in three dimensions. The ratio of each of these sheets divides the di�erent
clays into the 1:1 minerals and the 2:1 minerals, where the laponite RD and Ni-
Fluorohectorite (NiFH) used in the current experiments belongs to the latter.
[11,34] The di�erence between 1:1 and 2:1 minerals are illustrated in Figure 7.1.

The 2:1 layer structure consists of one octahedral sheet sandwiched between two
tetrahedral sheets. The 2:1 clay minerals are characterized by six octahedral
sites and eight tetrahedral sites which forms the unit cell. When all six octa-
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Figure 7.1: Schematic presentation of (A) 1:1 layer structures and (B) 2:1 layer
structures. [35]

hedral sites are occupied, the structure is known as trioctahedral. When only
four of the sites are occupied, it is refered to as dioctahedral. This is illustrated
in Figure 7.2. The chemical formula is often reported on the basis of the half
unit cell content, i.e., it is based on three octahedral sites. [32]

Figure 7.2: (a) Trioctahedral sheet, (b) Dioctahedral sheet. Oa represent the
apical oxygen atoms shared with tetrahedra. Ooct is the anionic site shared
between adjacent octahedra. [32]

The negative surface charge on the platelets causes them to stack with charge
balancing cations such as Na+ or K+ in the interlayer. The longitudinal distance
between two clay platelets is known as the basal spacing d001, a characteristic
property of each clay mineral. [11,18] The edges of the platelets contains small
amounts of pH-dependent positive charge and the magnitude of this charge
divides the clays into groups. The members of each group are distiguished by
the type and location of cations in the tetrahedral and octahedral sheets. [11]
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7.1.1 Smectites

One of the subgroups of the 2:1 layered silicates is known as the smectites.
These are among the most studied clays due to the vast range of utilizations.
The laponite RD and the NiFH, used in the current experiments, are both
members of this group. The charge density for smectites is relatively moderate,
in the interval 0.4 - 1.2 e

unitcell . [11, 32] This moderate charge density allows
penetration of water or other polar molecules which causes swelling, and also
exchange of the interlayered cations. Figure 7.3 shows the structure of a smectite
clay.

Figure 7.3: The structure of a smectic clay. [34]

Hectorite

Hectorite is a natural smectite clay mineral from altered volcanic tu� ash with a
high silica content related to hot spring activity. Its name comes from the only
place were the clay is mined viz. Hector, California. [36] The chemical formula
is Na0.3(Mg,Li)3Si4O10OH2 per half unit cell.

Ni-Fluorohectorite

Na-�uorohectorite (NaFH) is a synthetic chemistry customized clay mineral
where the hydroxyls of normal hectorites have been exchanged with �uorine
ions. NaFH has a large surface charge of 1.2 e

unitcell (compared to the surface
charge of laponite RD). It also has a large particle size, up to about 20000 Å
in diameter. [37] This clay was purchased from Corning Inc. in powder form.
The clay has the chemical formula Na0.6(Mg2.4Li0.6)Si4O10F2 per half unit cell,
where Na is an interlayer exchangeable cation. To create Nickel-Fluorohectorite
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(NiFH), the NaFH clay was treated with an ion exchange method, where the
Na+-ions where exchanged with Ni2+-ions. [11]

Laponite RD

Laponite is a synthetic layered smectite purchased from Rockwood as a powder.
It has the chemical formula Na+0.7[Si8Mg5,5Li0,3O20(OH)4]−0,7 and a surface
charge of 0.4 e

unitcell . The structure is shown in Figure 7.4. Here, there are six
octahedral magnesium ions between the two layers of four tetrahedral silicon
atoms. These groups are balanced by twenty oxygen atoms and four hydroxyl
groups. In a laponite crystal these unit cells are repeated in two directions,
resulting in the disc-shaped particle shown in Figure 7.5 (a). With a thickness
of only 1 nm, the platelets may be individually thought of as single crystals. [31]
It has been estimated that a typicaly laponite crystal contains 30000 - 40000
unit cells. [38]

Figure 7.4: Schematic of a laponite particle. [38]

The negatively charged clay particles are neutralised with sodium ions absorbed
on the surface, shown in Figure 7.4. Dispersed in water, the crystals are held
together in stacks by a combination of electrostatic and osmotic forces, caused
by these sodium ions in the interlayer regions, shown in Figure 7.5 (b). By
adding polar compounds, e.g. a surfactant, the sodium can be held away from
the particle surfaces, and allow cationic exchange [38]. A cationic exchange
method is utilized in some of the experiments, further described in section 3.3,
7.3 and 8.3.
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(a) (b)

Figure 7.5: (a): A laponite crystal, showing the dimensions and shape, (b):
Schematic of laponite particles dispersed in water.

Alkyl Quaternary Ammonium Smectite

Alkyl Quaternary Ammonium Smectite (AQAS) is a surface modi�ed laponite
clay, see section 3.2. It is fabrically made lipophilic, which should ease the
dispersion in the organic compounds utilized, viz. silicone oil and para�n. This
clay is a product sample from Rockwood.

7.2 Para�n

Para�ns (alkanes) is a generic common name for a large number of homologous
hydrocarbons which all have the same general chemical formula on the form
CnH2n+2. These have successively higher density and boiling points with in-
creased size, where the �rst four exist as gases in room temperature (25 ◦C),
and the subsequently para�ns as liquids. When the para�ns contains ∼ 25
carbon atoms, they become solids. The para�n wax used has approximately
that number of carbon atoms. These waxes are white and partly transparent, as
shown in Figure 7.6. The waxes have melting points in the range 44 ◦C−58 ◦C,
and density in the range 0.88 g

cm3 to 0.92 g
cm3 [39].

Figure 7.6: Para�n wax.

The wax consists of between 80 % and 90 % straight hydrocarbon chains. The
balance consists of isopara�ns and cyclopara�ns, shown in Figure 7.7.
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Figure 7.7: Drawing of para�n wax molecules. [40]

Some other general properties of para�n waxes are [40]:

• Non-toxic.

• Combustible.

• Non-reactive.

• Soluble in ether, benzene, and certain esters.

• Good water barrier.

• Extremely good electrical insulator, with surface resistivity (ρ ≈ 1015 Ωm)
[41].

The para�n wax used in the current experiments is shown in Figure 7.6. This
wax has a melting point in the range 46 ◦C−48 ◦C. It consist of a small amount
of impurity sulphate (SO4) ≤ 0.015 %.

7.3 CTAB

CTAB - CethylTrimethylAmmoniumBromide has the chemical formula C19H42BrN,
and is shown in Figure 7.8. It exists as a white solid powder in room tempera-
ture. It is a cationic surfactant, and is used to treat the laponite RD to make
the clay particles lipophilic (see section 3.3) making it more soluble in para�n
and oil. The CTAB datasheet says that CTAB itself is solvable in ethanol and
acetone. When the term CTAB is used in the description of the experiments it
refers to the CTAB modi�ed clay and not the CTAB itself.

Figure 7.8: Schematic of the CTAB-molecule. [42]
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7.4 Silicone Oil

The silicone oil used in some experiments was Dow Corning 200, 100 cS �uid,
purchased from VWR. The silicone oil is analogous to the carbon based oil,
with alternating silicone and oxygen atoms instead of the carbon atoms. The
oil has a speci�c particle density of 0.973, slightly higher than the density of
the para�n wax. The conductivity is rather small, σf (0) = 5.0 · 10−12 S

m [43].
Unlike carbon-based oil, silicone oil is not �ammable.
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Chapter 8

Clay Sample Preparation

8.1 Para�n Samples

The samples consist of para�n and clay, and as mentioned in the introduction
three di�erent kinds of clay species were investigated, viz. Laponite RD, AQAS,
and CTAB-modi�ed Laponite RD. The sample preparation was basically the
same for all three kinds of clays. It can be summarized as:

1. Prepare the proper amount of para�n in a container.

2. Melt the para�n.

3. Prepare the proper amount of clay and mix it with the liquid para�n,
shaking the container.

4. Pour the dispersed clay onto the preheated cell. (See Figure 9.1 for the
experimental setup)

5. Turn on the voltage and the heat o�.

6. Let the para�n solidify, turn o� the voltage and cut out the sample.

The concentration of clay used was either 1 g
10 ml

clay
paraffin or 2 g

10 ml
clay

paraffin . The exact
mass density of the para�n was unknown. A couple of tests were performed and
the results gave values at the lower edge of the interval given in section 7.2. The
tests su�ered from considerable uncertainty due to losses, so the mass density
was assumed to be slightly higher, 0.9 g

ml .
1 Due to fast sedimentation the actual

concentration of clay in the �nished samples was quite unstable and varied from
sample to sample because the concentration depended on which height of the
container the sample was taken from. However, the mass density errors were
not important in the experiments.

1This corresponds to the tabulated value found in [41].
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8.2 Silicone Oil Samples

The oil and clay samples were made easily by mixing the chosen concentration
of clay into the silicone oil with subsequent shaking.

8.3 Surface modi�cation of Laponite using CTAB

The properties of CTAB is described in section 7.3 and 3.3. The goal was to
make the laponite lipophilic using CTAB. The procedure to do this was based
on an article by Leach and Hopkinson et al. [44], where an analogous experiment
was performed using DODAB2 instead of CTAB. Our experiment was therefore
slightly adjusted to �t the use of CTAB. All amounts of materials were half of
the amounts used by Leach and Hopkinson et al. [44]. The following procedure
was used:

1. Mix the proper amount (400 ml) of distilled water and CTAB (2.5 g) while
stirring.

2. Heat to 80 ◦C and add the proper amount of ethanol (100 ml 20 %) while
stirring.

3. Add the stoichiometric amount of laponite (7.53 g) while stirring.

4. Cool the solution overnight, covered and under stirring.

5. Filtrate the solution using 0.2 µm �lter.

6. Stir the �ltrated clay in a 125 ml half and half distilled water and ethanol
solution.

7. Repeat this process (four times).

8. Dry overnight, heated to 100 ◦C.

9. Pulverize the clay with pestle and mortar.

10. Heat the clay to 100 ◦C for one hour.

11. Collect the �nished clay in an airtight container.

8.3.1 Calculations

The calculations of the stoichiometric amount of clay were carried out based on
the decision to use 2.5 g of CTAB.

2
Dimethyl dioctadecylammonium bromide
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The cationic exchange capacity (CEC) for laponite is3 [34] 47 meq
100g = 47 0.001 mol

100 g .
In this experiment we decided to use an amount of CTAB corresponding to twice
the CEC of laponite [45]. With a molar mass (Mm) of CTAB of 349.39 g

mol , we
get the following calculations for the stoichiometric amount of CTAB needed
per gram laponite:

2× CEC = 94
0.001 molCTAB

100 gLp
=

0.094 molCTAB

100 gLp
· 349.39

gCTAB

mol

=
32.843 gCTAB

100 gLp
= 0.3284

g CTAB
g Laponite

,

(8.1)

where the relation Mm = m
n was used in the calculation.

3This value is very uncertain. Di�erent literature gives di�erent values of the CEC, varying
from 47-80 meq

100g
[34, 44, 45]. After some discussion it was decided to use the value 47 meq

100g
.

As shown by Velde [18], the CEC should be measured at neutral pH, since the surface cation
concentration is pH-dependent. This fact may explain the variations in reported CEC-values.



Chapter 9

The Setup

The experimental setup is shown in Figure 9.1. The individual equipment de-
vices used are described in detail in chapter 6. The cell is connected to the high
voltage power-supply with Vin = 6 V, which gives Vout = 2 kV and E0 = 2 kV

mm ,
a well suited magnitude for ER performance. A voltage divider and multimeter
is connected to the cell, controlling the voltage over the cell.

Figure 9.2 shows a close up of the cell while in use. One can clearly see the
clay chain formation between the electrodes. The para�n is still liquid though,
and the chains are not always that easy to visually observe when the para�n
solidify. Figure 13.4 in chapter 13.1 is a picture taken of the same sample as in
Figure 9.2 below.

In some experiments the cell was placed directly on the glass surface, as in
Figure 9.2. The para�n sticks very easily to glass and problems often occurred
with removing the cell and the sample without destroying one or both of them.
In some of the experiments, a plastic �lm, called polyimide, was put between the
glass surface and the cell to avoid this, shown in Figure 9.1 (b), which proved
to be an excellent material for the purpose. This was a suitable approach when
the sample had to be removed for observation with e.g. AFM or SAXS. For
observation in light microscope, the sample was much easier to observe when
it was still on the glass plate, which means that the cell was removed, not the
sample, avoiding the sample to twist or deform.

43



44 CHAPTER 9. THE SETUP

(a) (b)

Figure 9.1: (a): The experimental setup, (b): Close view of the cell.

Figure 9.2: Chains of CTAB-treated laponite in liquid para�n under the appli-
cation of 2 kV.



Chapter 10

X-ray Scattering

X-ray scattering experiments were performed using the equipment, described
in section 6.12. The objective of the experiments were to detect the existence
of electrorheological e�ect, i.e. chain formation visible as anisotropic scattering
data in the para�n and clay samples, and to examine di�erences between the
clay species, both with SAXS and WAXS. In the case of the silicone oil ex-
periments the objective was to investigate the dynamics of the ER behaviour.
There were performed three di�erent kinds of scattering experiments. Two with
para�n samples, SAXS and WAXS, and one SAXS on oil samples.

Fourteen di�erent para�n samples were investigated, the ten �rst of them were
placed in the same sample holder and scanned both with SAXS and WAXS.
They were:

• Pure para�n, as a reference.

• Dispersion of AQAS without applied �eld, as a reference.

• Two samples of AQAS with di�erent orientation.

• Dispersion of Laponite RD without applied �eld, as a reference.

• Two samples of Laponite RD with di�erent orientation.

• Dispersion of CTAB without applied �eld, as a reference.

• Two samples of CTAB with di�erent orientation.

The di�erent orientation of the samples are showed in Figure 10.1. One sample
was scattered from above, Figure 10.1 (a), and one from the side, Figure 10.1
(b).

In addition to the �rst ten para�n samples, three di�erent samples with Nickel-
Fluorohectorite (NiFH) were investigated with SAXS scans. The �rst without
any applied �eld. The di�erence between the other two NiFH samples (with
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Figure 10.1: Di�erent orientation between the samples with the same clay
species. One sample, (a) was scattered from above, the width of the chains,
and one (b) was scattered from the side, the heigth of the chains.

applied �eld) were the clay concentration. These samples are referred to as
NiFH high and NiFH low. The last para�n sample was an AQAS sample with
high clay concentration, refered to as AQAS high.

The oil experiments were performed using AQAS and NiFH. An electrorheolog-
ical cell was �lled with the oil suspension and the electric �eld was applied. The
cell consisted of two Cu-electrodes with a 2 mm gap between them. The elec-
trodes were coated with a kapton �lm, an X-ray transparent material, to keep
the oil suspension from �oating away. The �eld strength was 1 kV

mm in all the oil
experiments. A closer description of the cell can be found with Parmar [11].

Before the scattering scans could be performed, initial nanography scans were
carried out to localize the sample positions. Nanography scans shows di�erent
colours for di�erent intensities and it is hence easy to determine the di�erent
positions of the samples, the sample holder and the sample chamber. These
nanography scans were not always optimal to �nd the exact positions, so some
of the samples had to be scanned at di�erent positions to hit correctly. Several
scans at di�erent positions were often required to detect an area where ER
behaviour was present.

10.1 WAXS

All the WAXS scans had a sample-detector distance of 26 cm, and the counting
time was 120 s. In addition to the ten clay samples described, an empty cell scan
was performed to invesigate the strength of the background scattering. WAXS
scans should give information of the particle orientation, i.e. the microstructure
of the clay.
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10.2 SAXS

All the SAXS scans had a sample-detector distance of 106 cm. The counting
time was di�erent for di�erent samples, varying between 120 and 2400 seconds.
A typical scan started at 240− 300 s, and was rescanned with higher counting
time if the sample proved interesting. SAXS scans should give information of
the macrostructure of the clay chains.



Chapter 11

Atomic Force Microscope

All the AFM-experiments were performed in tapping mode, and the equipment
used is described in section 6.11. The experiments are done in collaboration
with Dr. Ahmed Gmira.

The investigated clay was AQAS. Three di�erent samples were scanned, one
pure para�n and one suspension of AQAS and para�n without �eld in�uence,
both for comparison, and �nally the AQAS sample with ER chains present.
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Sedimentation Tests

One of the major problems of making e�ective ER �uids, and hence ER devices,
is the sedimentation which often, at least in some of the current para�n exper-
iments, can be so fast that measurments are di�ucult due to a too low particle
concentration in the �uid. To try to reduce the total sedimentation and increase
the sedimentation time, di�erent approaches were used. The two major factors
that could be altered were the liquid temperature and the particle size. The
surface cationic exchange modi�cation comes in addition. The particle size was
altered by the ultrasonic bath, which, to some extent, dissolves large aggregates
and �occulations.

12.1 Sedimentation in Laponite RD

These experiments were performed using three equivalent containers of the same
amount of a Laponite and para�n suspension. The temperature were increased
in discrete steps of 10 ◦C, from 70 - 120 ◦C, where visual sedimentation time
data were collected at each step. The results of these tests are shown in section
14.1. Some sedimentation tests with para�n and Laponite RD were also carried
out with the rheometer, shown in section 17.3.

12.2 Sedimentation-alterations Using Ultrasound

12.2.1 Visual Sedimentation Tests

Para�n samples containg AQAS were melted in advance and a visual sedimen-
tation test was performed. A mark was set at the height of the sediment. The
sample was then dispersed by shaking and placed in the ultrasonic cleaner at
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approximately 55 ◦C and exposed for 90 min. A new sedimentation test was
then performed and a new mark was set. The sample was then cooled to so-
lidi�cation. Finally the sample was heated again and a new sedimentation test
carried out, to check what e�ect solidi�cation of the para�n had on the clay
particle distribution. Similar tests were performed using silicone oil as liquid,
omitting the solidi�cation part.

The AQAS clay was chosen in these experiments because the clay had shown
the lowest and slowest sedimentation (compared to Laponite RD and CTAB).
The results of these tests are shown in section 14.3.

12.2.2 Sedimentation Picture Series in Crossed Polarizers

To observe the sedimentation over a larger time scale, i.e. ∼ 24 hours, series
of pictures taken in crossed polarizers were executed. These experiments were
done in collaboration with Nils Ivar Ringdal with his experimental setup. The
polarizers should be about 99 % e�ective, meaning that they transmit 99 % of
the incident light in the intended polarization direction. The sample contain-
ers used, called vitrotubes, hold approximately 1 ml liquid. The width of the
container is 1 cm and the depth is 1 mm, meaning that the pictures are almost
two-dimensional.

Three di�erent sample series were taken. One AQAS-series not exposed to ul-
trasound. The other two samples were both exposed, on di�erent temperatures,
23 and 57 ◦C, to investigate possible temperature di�erences. Series of approx-
imately 600 pictures were taken for all of the samples, with intervals of one or
three minutes. Results of these experiments are shown in section 14 and on the
enclosed DVD.
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Results & Analysis

51



Chapter 13

Light Microscopy

13.1 Para�n Samples

Hardly any studies of frozen electrorheological structure have been published
previously.1 One published article has been found, written by Lan et al. [46] It
describes ferroelectric triglycine sulfate ((NH3CH2COOH)3 ·H2SO4) particles
dispersed in an unspeci�ed wax. The scienti�c focus in this article is quite
di�erent from the experiments described in this thesis, so any comparison would
not be appropriate.

Figure 13.1 - 13.3 shows chain formation in laponite RD. The chains can be
seen as columns across the sample. The gap in the cell is 1 mm, so all the
pictures from 13.1 - 13.5 shows 1 mm broad samples. In Figure 13.1 (a) and in
Figure 13.2 the uppermost para�n surface of the sample was removed to access
the laponite chains directly. Figure 13.3 show samples where the surface is
intact, and they appear quite di�erent visually. Figure 13.1 (a) shows a sample
with pure para�n. It is easy to see the di�erence between pure para�n and
the clay dispersions. The para�n sample was created using exactly the same
procedure as with the other samples, i.e. the same �eld strength was applied.
All these pictures show broad chains or columns. This indicates a high electric
�eld strength. (The thickness of the chains are further discussed in section 13.2.)
The actual �eld strength was not measured exactly but should be approximately
2 kV

mm (A cell without the possibility to measure the voltage was used, and the
�eld strength was calculated from the power-supply display.)

Figure 13.4 shows chains of the CTAB modi�ed clay. These chains appears
quite di�erent from the RD chains. They are bluish and irregular, although
the colour is most likely created by the settings of the microscope and the
software, and is not the natural colour, since no blue colour was visible under

1As least not according to an extensive litterature search on the topic.
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(a) (b)

Figure 13.1: (a) A sample of pure para�n. (b)Laponite chains formed with 2
kV voltage applied. The cell gap and hence the chains are 1 mm across.

(a) (b)

Figure 13.2: (a) Laponite chains formed with 2 kV voltage applied. The cell
gap and hence the chains are 1 mm across. (b) Closer view of a single chain.

(a) (b)

Figure 13.3: Laponite chains formed with 2 kV voltage applied. The cell gap
and hence the chains are 1 mm across.
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the experiment (See Figure 9.2), and no other CTAB experiments showed the
blue colour. Figure 13.5 shows chains of AQAS. These chains are more narrow
and vague than for laponite RD. The di�erence between Figure 13.5 (a) and (b)
is the production routine. In (a), the sample is sticked to a glass surface beneath
the cell so that the sample is horizontal, and the chains are una�ected. In (b),
the sample is cut out from the cell. The sample has twisted and are di�cult
to focus with the camera. There were di�culties for both the AQAS and the
CTAB to get good pictures of the chains. Since these two clays are lipophilic,
they disperse much better in para�n and oil than Laponite RD. The chains are
thus narrower than for Laponite RD, and ideally there could be chains of single
particles, invisible to the light probe. In addition, the ER e�ect is expected to
be weaker for AQAS and CTAB compared to RD due to the lower relative clay
concentration.

Figure 13.4: Chains of CTAB in para�n. The cell gap and hence the chains are
1 mm across. The �eld strength is 2 kV

mm .
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(a)

(b)

Figure 13.5: Chains of AQAS in para�n. The cell gap and hence the chains are
1 mm across. The �eld strength is 2 kV

mm .
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(a)

(b)

Figure 13.6: (a) Pure para�n in crossed polarizers, (b) Chains of Laponite RD
in crossed polarizers. The �eld strength is 2 kV

mm . The anisotropic nature of the
picture indicates present ER e�ect. Both samples has a width of 1 mm.

Figure 13.6 shows two pictures taken between crossed polarizers. Figure 13.6
(a) is pure para�n, and appears almost black as predicted from the theory (see
chapter 5). Figure 13.6 (b) is a sample of para�n and laponite RD. This sample
is clearly visible which indicates anisotropic nature and thus present ER e�ect.
The ER e�ect, i.e. the chain structure, can also be detected directly by visually
investigation.
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13.2 Oil Samples

Figure 13.8 shows the development of chains of laponite RD in silicone oil when
an increasing external electric �eld is applied. It is apparent that the particles
are gathering to form chains when the �eld strength is increasing, and subse-
quently to form colums of the chains. Observe especially the di�erence between
Figure 13.8 (c) and (d). This corresponds well to the prediction of the cre-
ation of columns for high �eld strengths [6]. Figure 13.7 shows a closeup of
a single column at E = 1.5 kV

mm . It contains a very large quadratic particle,
approximately 130 µm wide.

Figure 13.7: A single column of Laponite RD particles in silicone oil formed with
a �eld strength of 1.5 kV

mm . The width of the picture is approximately 350 µm.
The large particle is nearly quadratic with a size of approximately 130 µm along
the edge.

13.3 Electrorheological Dynamics

Several �lms of the ER experiments were recorded. These �lms are recordings
of clay dispersions in silicone oil only, since the heating could not be used with
the microscope, hence precluding the use of para�n. Some of the �lms are
found in the �ER �lms� folder on the enclosed DVD. An index of the �lms,
with explaination to each of them are to be found in Appendix A. These �lms
illustrates the ER e�ect on the �uid �ow, the creations of chains and further to
the creation of columns, and separates the �uid above and below the threshold
voltage.
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(a) (b)

(c) (d)

(e) (f)

Figure 13.8: Showing the development of RD chains in silicone oil. (a) No
applied volage E = 0 kV

mm , (b) E = 0.5 kV
mm , (c) E = 0.5 kV

mm Picture taken a few
seconds after (b), (d) The chains are starting to form columns E = 2 kV

mm , (e)
E = 3 kV

mm , (f) E = 3 kV
mm Picture taken a few seconds after (e). All pictures has

a width of 1 mm.
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13.4 Threshold Voltage

The threshold voltage was measured for the Laponite RD, AQAS and CTAB,
dispersed in silicone oil. It gave the following results:

• VTRD = 240 V.

• VTAQAS = 229 V.

• VTCTAB ≈ 265 V.

The voltages were measured under observation with light microscope. The cell
was given a small gradient to give the dispersion a �ux. When the �ux stops, a
phase transistion from liquid to solid is about to occur, an indication of present
ER e�ect. The threshold voltage is a measure for the lowest voltage needed to
start particle movement in the direction of, or parallel to, the electrical �eld,
and not always the voltage for the creation of visible chains. Small particles will
require less �eld strength than large to arrange themselves, and chains invisible
to the microscope can be created before any observable chains are detected.
The CTAB clay did not have a homogenous (compared to the other two clays)
particle size distribution, and was probably the reason why the threshold voltage
varied to some extent. Figure 13.9 shows the chain formation of CTAB at the
threshold voltage, in this case 270 V. The large di�erence in particle size is
evident. Any threshold voltage measurement for clay in para�n could not be
performed, since any arrangement with heating on the microscope was di�cult.
However, it is reasonable to expect the threshold voltage to depend on the
viscosity of the liquid, i.e. low VT for low η and vice versa. Usually, the operation
�eld strength for ER performance is in the order of 1 kV

mm [2,10]. However, studies
on the ER e�ect on voltages as low as 0.33 kV has been done by Powell [47].
This ER �uid with the exact same carrier liquid, the silicone oil, but with
starch particles instead of clay, showed newtonian behaviour at 0.33 kV and
non-newtonian at 0.66 kV. Since the behaviour of the ER �uid is dependent of
(the unknown) particle size and the permittivity εp of the particles, according
to equation 2.1, any immidiate comparisons can not be made at this point.

Figure 13.9: Showing chains of CTAB at the threshold voltage (270 V). The
chains are 1 mm long.
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Di�erent experiments performed immediately after each other, with the same
sample at the same voltage, could show di�erent behaviour. Although the
threshold voltage would be the same, one experiment could yield visible chains
at the threshold while the other could require voltages up to 1.5 kV to detect
any. A reasonable explaination for this could not currently be found. This phe-
nomenon can be seen in �lm V1 on the enclosed DVD. A description of the �lm
can be found in Appendix A.



Chapter 14

Sedimentation Tests

Remark: The volume fractions Φ used for AQAS and CTAB were always calcu-
lated using the density of laponite RD. This is erroneous, and the given values for
the volume fraction in chapter 14 and chapter 17 should be considered somewhat
lower. The density of AQAS and CTAB should be approximately identical.

14.1 Sedimentation of Laponite RD in Para�n

One of the greatest challenges for applications of ER �uids, is the problem
with particle sedimentation (See chapter 2.2). The sedimentation time, i.e. the
time it takes for the particles in a sample to settle, decreases with increased
temperature, as shown in Figure 14.4, and since the para�n has its melting
point at around 50 ◦C, fast sedimentation is expected to occur. In reality, the
para�n temperature used in the experiments was higher than 50 ◦C, to be
able to work with the liquid para�n in room temperature, and consequently
the sedimentation problem increased as well. Figure 14.1 shows two para�n
samples, both at a temperature of approximately 80 ◦C. The right sample is
already completely sedimented for comparison. The pictures are taken at 0 s, 8
s and 30 s. The clay concentration in the upper part of the �uid is too low to
be used in ER experiments after a few seconds. This problem was a challenge,
especially in rheometer experiments where the sample is at rest for some time
before the measurement starts. This is illustrated in Figure 14.2. The data at
70 and 80 ◦C is clearly measured on already sedimented samples. Figure 14.2
also shows the temperature dependence on the viscosity.

In oil, the time it takes to sediment the laponite RD is approximately 30 minutes
at room temperature (25 ◦C). A complete sedimentation takes several hours.
This di�erence could be explained by the large di�erence in viscosity. Figure
14.3 shows the sedimentation of laponite RD in silicone oil for di�erent volume
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(a) (b)

(c)

Figure 14.1: The pictures in (a) to (c) show the sedimentation of Laponite RD
in para�n at t = 0, 8 and 30 s, respectively. The right sample in all pictures is
completely sedimented.

Figure 14.2: Sedimentation time for Laponite RD in para�n at three di�erent
temperatures, 60, 70 and 80 ◦C. The sedimentation was so fast for the two
highest temperatures that the dispersion was completely sedimented before the
measurment could be started. Sheared with a constant shear rate γ̇ = 10 1

s
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fractions at 25 ◦C. This shows a completely di�erent behaviour than the para�n
samples. Of course, the large di�erence in temperature plays a major role here.

Figure 14.3: Sedimenation for Laponite RD in oil for di�erent volume fractions.
Sheared with a constant shear rate γ̇ = 10 1

s . Experiment performed by Børge
Aune Schjelderupsen.
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In Figure 14.4 the sedimentation time was plotted as a function of tempera-
ture. Clearly, the sedimentation time decreases for increasing temperature, as
predicted in the theory. An interesting feature though, is the fact that this re-
lation neither seems to be exponential, as in equation 2.3, nor linear. At certain
temperatures, between 80 and 90 ◦C, and between 100 and 110 ◦C, the decrease
in the sedimentation time is slowed down, and in one case, in fact increasing.
This increase was also present in other sets of experiments. The experiments
did su�er from a large uncertainty though, since the time of sedimentation was
determined visually and was thus discretional. Large intervals between measur-
ments should also be taken in account. However, this characteristic behaviour
was fully reproduceable, but an explanation of the phenomenon was not found.
(A suggestion could be water e�ects near its evaporation temperature.) An
investigation of the sedimentation could be an interesting topic for future study.

Figure 14.4: The sedimentation time for Laponite RD in para�n at di�erent
temperatures. The number from 1-3 represent di�erent but equally prepared
samples. The numbers in parenthesis represent di�erent series of measurment.
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14.2 Sedimentation of Modi�ed Clays in Para�n
and Oil

When trying to disperse the modi�ed AQAS clay in para�n, it was discovered
that the sedimentation time was signi�cantly slower than for the normal laponite
RD, also at high temperatures (up to 130 ◦C). Some improvement was expected
because of the solubility of AQAS in oil and para�n. The sedimentation in
CTAB modi�ed clay was somewhere in between the AQAS and RD, indicating
some e�ect of the ionic exchange. The CTAB clay contained a large amount
of big particles due to insu�cient crushing in the production of the clay, which
could a�ect the sedimentation time.

14.2.1 AQAS

Figure 14.5: The sedimentation in samples of equal concentration of laponite
RD and AQAS in para�n. The RD experiment was performed at 50 ◦C, and
the AQAS experiment at 52 ◦C. Sheared with a constant shear rate γ̇ = 101

s .

Figure 14.5 shows the di�erence between the sedimentation in laponite RD and
AQAS in para�n. The lipophilic AQAS is better dispersed in the para�n than
RD and thus sediments slower. Figure 14.6 shows the sedimenation for AQAS
in oil at 60 and 70 ◦C. This shows that the viscosity is strongly temperature
dependent for silicone oil. Comparing Figure 14.6 with 14.7, the di�erent be-
haviour of the samples become evident. In Figure 14.7 (and also in Figure 14.3
for the RD samples), the viscosity has a characteristic initial increase in viscosity
during shearing. This feature is apparently absent for high temperatures.
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Figure 14.6: The sedimentation time for AQAS in oil at 60 ◦C and 70 ◦C.
Sheared with a constant shear rate γ̇ = 101

s .

14.2.2 CTAB

A sedimentation test was performed on the CTAB sample with volume fraction
Φ=0.2, shearing the sample at a constant shear rate γ̇ = 10 1

s for 2500 s while
observing the viscosity. The viscosity as a function of time is shown in Fig-
ure 14.8 for the CTAB modi�ed laponite together with a laponite RD sample
(Φ=0.15) and a AQAS sample (Φ=0.1).

The viscosity of the laponite RD sample decreases with over 10 mPa·s over
the time periode. This is due to the sedimentation. The viscosity of the CTAB
does not decrease very much with time, and this suggests that the sedimentation
is much less than for laponite RD dispersions. This was also veri�ed by visual
sedimentation tests. The AQAS was also tested for comparison. For this sample
the viscosity did not decrease during shearing, but rather increased a bit.

An interesting discovery, but not further investigated, was the properties of the
sedimentation of CTAB in oil. Over long time periods, both for normal laponite
RD and the AQAS, the sedimenation is complete, i.e. leaving two phases, the
sediment phase and one �uid phase on the top with none or very few visible clay
particles. With CTAB there are also two detectable phases, but the uppermost
phase contains particles, most likely an isotropic phase, see Figure 14.9.
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Figure 14.7: The sedimentation time for AQAS in oil at 25 ◦C for two di�erent
volume fractions. Sheared with a constant shear rate γ̇ = 10 1

s . Experiment
performed by Børge Aune Schjelderupsen.

14.3 The E�ect of Ultrasound on the
Sedimentation Rate

The sedimentation rate of AQAS in para�n was tested before and after use in
an ultrasonic cleaner (UC), see section 6.9. The ultrasound should cause the
clay to disperse better. The samples were exposed for 90 min. Figure 14.10 (a)
shows a sample after exposure to ultrasound, and after a complete sedimentation
has settled. The blue mark indicates the pre-ultrasound sedimentation height.
This shows that the UC has a formidable e�ect on the sedimentation rate.
The sample was then brought to solidi�cation with subsequent reheating, to
investigate whether the solidi�cation of the para�n destroys the UC e�ect.
Figure 14.10 (b) shows the same sample as in Figure 14.10 (a). The upper
blue mark indicates the level of sedimentation after UC exposure. The middle
bllue mark indicates the level of sedimentation after solidi�cation and reheating,
showing that the para�n solidi�cation attenuates the e�ect from the UC, but
did not entirely destroy it. Similar tests, without the solidi�cation-reheating,
were performed with Laponite RD. These tests also showed a positive e�ect on
the sedimentation rate.

A similar test, as described above, was performed on laponite RD in silicone
oil. Figure 14.11 show the results of the experiment. The ultrasound causes the



68 CHAPTER 14. SEDIMENTATION TESTS

Figure 14.8: Viscosity vs. time at constant shear rate γ̇=10 1
s for a laponite

RD, CTAB and AQAS
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Figure 14.9: Pure silicone oil, laponite dispersed in oil and sedimentation of
CTAB treated laponite dispersed in oil, from left to right.

sediment heigth to ascend somewhat. However, this seems to come from the fact
that the upper phase contains less particles, not that the particles are better
distributed in the liquid, which seems to be the case with para�n samples.

The UC instrument has the opportunity to heat the samples up to 60 ◦C. The
heating was used several times at di�erent temperatures chosen more or less
randomly. This gave a premonition for the UC e�ect to be stronger for low
temperatures than for high temperatures. Series of sedimentation experiments
with AQAS in silicone oil were performed, as described in section 12.2.2. Three
�lms of the experiments were made, AQAS without UC exposure, AQAS with
UC exposure at 23 ◦C and AQAS with UC exposure at 57 ◦C. These �lms can
be found on the enclosed DVD as V6, V7 and V8. They should be watched
simultaneously for a good comparison. A description of the �lms can be found
in Appendix A. Figure 14.12 shows the �rst picture taken of the three di�er-
ent samples. The liquid height are slightly di�erent in the three samples. The
amount of clay likewise. Since only 1 ml liquid was used, even small di�erences
would be visible. Figure 14.13 shows the last picture taken from each of the sam-
ples, after a complete sedimentation has taken place. The total sedimentation
is clearly improved for both the samples with ultrasound exposure. The upper
phase shows greater stability after ultrasound exposure. The high temperature
sample seems to have achieved the best result, i.e. the highest sediment height,
in contradiction of the expected result, but the error of di�erent clay and oil
amount makes any conclusion impossible in this case. The sedimentation time
showed a decrease after UC exposure. Here, the low temperature sample showed
the best results, as predicted. This is shown in the �lms. Note that the lowest
part of Figure 14.12 (a) and 14.13 (a), and in the �lms, are tape and not a part
of the sediment.
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(a) (b)

Figure 14.10: (a) A liquid para�n dispersion with AQAS. The blue mark shows
the sedimentation height before exposing the sample to ultrasound. (b) Same
sample as in (a), taken in solid para�n condition. The lowest blue mark indi-
cates the level of sedimentation without ultrasonic treatment, the upper mark
after ultrasonic treatment, while the middle blue mark indicates the level of
sedimentation after solidi�cation and subsequent reheating, showing that the
ultrasonic e�ect on the clay is reduced but not destroyed by solidi�cation of
the para�n. (Any apparent divergency between the sample height and the blue
marks in the two samples has to do with the solidi�cation in (b) and the fact
that some liquid was used from (b) for other experiments before the picture was
taken.)
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Figure 14.11: Samples of silicone oil and laponite RD. The left sample is without
ultrasound treatment while the right sample is with ultrasound.
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(a) (b) (c)

Figure 14.12: The width of the tubes are 1 cm and the depth 1 mm. (a) AQAS in
silicone oil without ultrasonic exposure, (b) AQAS after ultrasonic exposure at
23 ◦C, (c) AQAS after ultrasonic exposure at 57 ◦C. Pictures taken immediately
after injection in the tubes.
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(a) (b) (c)

Figure 14.13: The width of the tubes are 1 cm and the depth 1 mm. (a) AQAS
in silicone oil without ultrasonic exposure, (b) AQAS after ultrasonic exposure
at 23 ◦C, (c) AQAS after ultrasonic exposure at 57 ◦C. Pictures taken after ∼
24 hours.
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An unexplained phenomenon is shown in Figure 14.14. After UC exposure, the
AQAS suspension sometimes became gel-like and the particle phase seemed to
pull upwards, making the clay �oat in the middle of the container. Unfortu-
nately, the picture in Figure 14.14 does not show this strange behaviour very
well. This was partly reproduceable, meaning that some samples showed this
behaviour and some did not.

Figure 14.14: AQAS and liquid para�n after ultrasonic treatment. The clay is
gel-like and has pulled upwards. The clay seems to �oat in the middle of the
container.
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X-ray Scattering

For almost all of the X-ray scans presented here, the center of the beam stop
was erroneous. This was attempted compensated for when integrating, but the
beam stop could not be perfectly adjusted. This may have caused a minor
displacement of the curves, and the peaks to widen.

15.1 SAXS

The SAXS scans were integrated and plotted as shown in Figure 15.1. One scan
of each sample type was included. The plot shows that there are no apparent dif-
ference in the scattering from the samples with and without �eld in�uence. The
scattering from the AQAS samples are di�erent than for the other clay species,
probably indicating that the CTAB surface modi�cation is not quite successful.
The data was also �tted according to the counting time. The characteristic
para�n peak at 2θ = 2.7◦ was calculated according to qquation 4.1, 4.2 and
4.3, and the d was found to be 16.36 nm. Bragg peaks from the scattering of
the clay was not detected. The scattering data for the plot is shown in Figure
15.3 and Figure 15.4. The same scans were then plotted as function of χ, �tted
according to the counting times. Little information can be found in Figure 15.2.
The para�n scan shows that the para�n scatter too much compared to the clay,
thus making the integration isotropic. It is alomst impossible to distinguish the
di�erent scans. The NiFH scans show anisotropic nature, possibly of fairly large
particle size compared to the laponite clays. Unfortunately, the NiFH sample
without ER structure has the same anisotropy as the two samples with chains.
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Figure 15.1: A SAXS 2θ vs. intensity plot for di�erent species of clay frozen in
para�n. The data was �tted according to the counting times. The 2.7◦-peak is
para�n Bragg scattering and corresponds to a layer distance d = 16.36 nm.
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Figure 15.2: A SAXS χ vs. intensity plot for di�erent species of clay frozen in
para�n.
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(a) (b)

(c) (d)

(e) (f)

Figure 15.3: Scattering scans corresponding to Figure 15.1 and Figure 15.2. (a)
Para�n 240 s, (b) Para�n with �eld 120 s, (c) Laponite RD without �eld 240
s, (d) Laponite RD with �eld 240 s, (e) AQAS without �eld 240 s, (f) AQAS
with �eld 240 s.
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(a) (b)

(c) (d)

(e) (f)

Figure 15.4: Scattering scans corresponding to Figure 15.1 and Figure 15.2. (a)
AQAS with �eld, high concentration 2400 s, (b) CTAB without �eld 240 s, (c)
CTAB with �eld 240 s, (d) NiFH with �eld, low concentration 1200 s, (e) NiFH
with �eld, high concentration 1200 s, (f) NiFH without �eld 600 s.
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The best scan of each of the two clay sample types investigated in silicone oil
were then plotted as function of χ as shown in Figure 15.5. The scattering data
corresponding to the plot in Figure 15.5, is shown in Figure 15.6. These scans
are clearly anisotropic in nature and having their maxima at 0 and 180◦, which
should give the most scattering in the vertical direction. An investigation of
Figure 15.6 con�rms this, and it is also in agreement with a visual observation
of the chain structure during the scans.

Figure 15.5: A SAXS χ vs. intensity plot for di�erent species of clay in silicone
oil.

15.2 WAXS

TheWAXS scans were integrated and plotted as shown in Figure 15.7 and Figure
15.8. Figure 15.7 shows the χ dependence of the scattering. It is evident that
little information can be extracted from this �gure (not only bacause all scans
were plotted in one �gure), due to the para�n scattering. The scans for AQAS
were plotted again, shown in Figure 15.11, to closer examine possible di�erences.
The anisotropy is somewhat clearer for the sample with ER structure, but not
enough to conclude. The plots in Figure 15.8 shows the 2θ dependence of the
scans. The two para�n peaks were calculated, equation 4.3, to correspond to
d = 16.36 nm and d = 8.18 nm. Any trace of Bragg peaks for clays were not
found.
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(a) (b)

Figure 15.6: Scattering data corresponding to Figure 15.5. (a) AQAS 2400 s
and (b) NiFH 2400 s, in silicone oil. The �eld strength is 2 kV

mm for both samples.
The anisotropic scattering is observable, especially in (b).

Figure 15.7: A WAXS χ vs. intensity plot for di�erent species of clay in para�n.

As decribed in chapter 10 di�erent samples were investigated to observe the
di�erence between the height and the width of the chains. An example of two
di�erent scans with AQAS is shown in Figure 15.13. The scattering seems
quite similar. It was very di�cult to verify the direction of the chains when
the samples were placed in the sample holder, and the samples were not �xed
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Figure 15.8: AWAXS 2θ vs. intensity plot for di�erent species of clay in para�n.
The two peaks are para�n Bragg scattering. The 2.7◦-peak corresponds to layer
distance d = 16.36 nm, while the 5.4◦-peak corresponds to d = 8.18 nm.

very well, so a displacement of the chain orientation may have occured. The
scattering noise from the para�n shadows the clay scattering in any case, so
di�erences are not observable.
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(a) (b)

(c) (d)

Figure 15.9: Scattering scans corresponding to Figure 15.7 and Figure 15.8. All
scans are counted 120 s. (a) Empty cell, (b) Para�n, (c) AQAS without �eld,
(d) AQAS with �eld.
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(a) (b)

(c) (d)

Figure 15.10: Scattering scans corresponding to Figure 15.7 and Figure 15.8.
All scnas are counted 120 s. (a) CTAB without �eld, (b) CTAB with �eld, (c)
RD without �eld, (d) RD with �eld.
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Figure 15.11: WAXS scans of AQAS with and without ER structure. The
anisotropy is somewhat clearer for the sample with ER structure.

(a) (b)

Figure 15.12: Scattering data corresponding to Figure 15.11. (a) AQAS without
�eld 240 s, (b) AQAS with �eld 240 s.
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Figure 15.13: WAXS scans of two samples of AQAS in para�n with di�erent
orientation. The scattering show no signi�cally di�erence.

(a) (b)

Figure 15.14: Scattering data corresponding to Figure 15.13. (a) AQAS height
of chains 240 s, (b) AQAS width of chains 240 s.
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15.3 Field E�ects on Para�n

Figure 15.15: Four di�erent scans of pure para�n. Two scans of para�n created
in an electric �eld and two with no �eld applied.

Figure 15.15 illustrating an interesting e�ect that the electric �eld may have
on the para�n. All the four samples were made in the ER cell, but two of
them without applying the voltage. As observable, the Bragg peak for the scans
with no applied �eld is higher than the other two, which could mean that the
presence of the electric �eld impairs the crystalline structure. Of course, the
data material is not very extensive. However, this phenomenon occurs for all of
the samples with para�n, also when clay is dispersed in the para�n. This can
be seen when comparing the height of the peaks with and without �eld in�uence
in Figure 15.1 and Figure 15.8. The scattering data for Figure 15.15 is shown
in Figure 15.16.
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(a) (b)

(c) (d)

Figure 15.16: Scattering scans corresponding to Figure 15.15. (a) Para�n with
�eld 240 s, (b) Para�n with �eld 120 s, (c) Para�n without �eld 240 s, (d)
Para�n without �eld 240 s.



Chapter 16

Atomic Force Microscopy

Several pictures of AQAS in para�n samples were taken, where visible chain
structure were detected prior to the solidi�cation of the para�n during sample
preparation. The pictures are shown in Figure 16.1 and Figure 16.2. All these
pictures are taken of the same sample. Pictures of pure para�n and an AQAS
suspension without �eld in�uence were also taken.

The pictures were �rst considered indications of ER e�ect, i.e. chain formations.
However, pictures presented by Zbik et al. [1] where para�n wax surfaces are
investigated, see Figure 16.3, shows a lack of di�erence in the pictures of AQAS
and para�n and the pictures of pure para�n surfaces. A direct comparison can
be made from Figure 16.3 and Figure 16.2 where the length scales are almost
identical. The problem with the scans were �gured out to be the rough sur-
faces of the samples. The surfaces were then tried to cut manually, to achieve
a smooth surface. This may have romoved or destroyed the chains. To achieve
good results, a precision instrument should be used. A computer controled cut-
ter would be suitable instrument. An AFM study of electrorheological structure
has probably never been carried out, and the work on this should be continued.
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(a)

(b)

(c) (d)

Figure 16.1: AFM pictures of AQAS frozen in para�n at di�erent length scale,
indicated on the pictures.
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(a) (b)

(c) (d)

Figure 16.2: AFM pictures of AQAS frozen in para�n at di�erent length scale,
indicated on the pictures.
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Figure 16.3: AFM pictures of para�n surface in amplitude and height modes.
Picture taken from Zbik et al. [1]



Chapter 17

Other Experiments And

Analysis

17.1 Clay Concentration

When starting to work with the para�n and clay, the intention was to have a
clearly de�ned clay concentration in the samples, mostly for comparison. The
fast sedimentation caused the necessity to visually choose at which height in the
container the sample should be taken from, using a pipette. This fact resulted
in an unpredictable clay concentration. There was some initial trial and error,
as shown in Figure 17.1, where the consequence of chosing wrong concentration
is illustrated. Neither of these samples were useful.

17.2 Para�n as a Solvent

Initially the knowledge of the para�n, its behaviour and properties, was limited.
It was originally chosen based on some speci�c criteria. The material should
be insulating to be suitable in ER experiments, and few other materials have
a higher surface resistivity (ρ ≈ 1015 Ω). The material should also have its
melting point just above room temperature to be able to work with the material
both in liquid and soild state. The datasheet of the para�n used sets the
melting point in the intervall 46 - 48 ◦C. It was also of some importance that
the chemical structure was simple, so the liquid carrier could be distinguished
from the solvent. The para�n consist approximately of 80 % straight alkanes,
having a white partly transparent colour, thus a good choice. In addition, the
para�n was inexpensive, easy accessible and non-toxic. Figure 9.2 shows that
the laponite chains are clearly visible when the para�n is liquid. The pictures
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(a) (b)

Figure 17.1: (a): Experiment with too low concentration of clay. Possible chains
are not observable., (b): Experiment with too high concentration of clay. The
sample is pasty and contains no evident chains.

in section 13.1 show that the chains are also visible in solid para�n.

After thorough work with para�n some disadvantageous properties were re-
vealed. Primarily, there were considerable problems with sedimentation as ex-
plained in chapter 14. In addition to that, the solid para�n was perhaps too
soft, especially when trying to cut the sample. This could only be done with
considerable di�culty, and the risk of destroying the sample was impending.
Para�n samples were also di�cult to handle in the AFM. Great care had to be
shown in mounting the sample in the AFM to keep the chain structure intact.
Soft materials also require the use of the tapping mode, which is a slow probe
compared to its alternatives. The softness was at the same time an obstacle in
the X-ray experiments where the sample had a tendency to bend and deform
so that the chain orientation in the sample was hard to determine. This also
has to do with the fact that the colour of the chains are quite similar to the
para�n colour, as shown in Figure 13.5 (a). The scattering from the para�n
was also of such a character that many of the scans were of little value because
of noise from the para�n scattering. Finally, the para�n was hard to remove
from the glass during the sample preparation and in particular from the cell,
due to a very sticky surface. The problem with the glass surface was solved by
using a plastic �lm on top of it, but the problem of removing the sample from
the cell remained an obstacle. Dr. Boaxiang Wang created a new cell based on
the experience with the old. This new cell had a wider gap, of 1.5 mm, and was
not as fragile as the old. This cell could probably solve the described cell prob-
lems, but unfortunately, it was not available for use in time for the described
experiments.
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17.3 Electrorheological Measurements in the
Rheometer

To investigate the ER e�ect for the di�erent clays, a static yield stress test
was performed. An electric �eld was applied to the samples for 5 min, then
an increasing shear stress in steps of 0.5 Pa was imposed on the samples. The
yield stress was taken at the stress where a sudden increase in the shear rate
appeared.

In Figure 17.2 the yield stress for laponite RD and AQAS in para�n is shown.
Figure 17.3 show the equivalent results for clay in silicone oil.

Figure 17.2: The yield stress of two di�erent clays in para�n. The RD experi-
ment is performed at 60 ◦C, while the AQAS experiment at 52 ◦C.

Comparing Figure 17.2 and Figure 17.3 show that the ER e�ect is apparent for
the AQAS in para�n and also stronger than it is when solved in oil, a static
yield stress of approximately 17 Pa compared to 6 Pa. The test with laponite
RD in para�n shows no ER e�ect at all. Figure 17.2 shows that the shear rate
increases immediately, indicating no ER e�ect present, most likely because the
particles has sedimented before the measurements, see section 14.1.

The CTAB showed a much weaker static yield stress, approximately 16 Pa,
compared with laponite RD at the same concentration, which has 37.5 Pa1. This
can be explained by the fact that the relative laponite concentration is lower
for the CTAB than for the laponite RD, but also that the CTAB surfactant has
changed the surface properties of the laponite RD particles.

1Found in an experiment by Børge Aune Schjelderupsen
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Figure 17.3: Yield stress in silicone oil for AQAS at di�erent volume fractions
of Φ = 0.038 and Φ = 0.057. Φ = 0.038 correspond to the volume fraction used
in Figure 17.2. (Experiment performed by Børge Aune Schjelderupsen.)

Figure 17.4: Static yield stress measurement of CTAB (Φ = 0.2) in 0.89 kV
mm .
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17.4 Samples in Magnetic Field

An AQAS suspension, equivalent to the ones described in section 12.2.2, where
tested in a magnetic �eld using the magnet shown in Figure 17.5. These ex-
periments has little interdependence with the other experiments described, and
were thus not analysed very deeply and no conclusions were drawn. Neverthe-
less, some results are presented. A more thorough study of this could be a topic
for further studies. These experiments were performed in collaboration with
Nils Ivar Ringdal with his experimental setup containing crossed polarizers.

Figure 17.5: Experimental setup for samples in magnetic �eld. The �eld
strength is 1 T when the gap is as shown in the �gure.

In Figure 17.6 (a), the sediment has been exposed to the magnetic �eld, and
the particles tend to arrange to the �eld. In Figure 17.6 (b) the upper phase is
exposed to the magnetic �eld and the particles are clearly arranged more or less
perpendicular to the �eld near the magnet area. The black spot indicates where
the magnet was placed. The fact that the spot is black, i.e. no transmission in
the crossed polarizers, indicates that the magnet causes the particles to form an
isotropic arrangement. Figure 17.7 shows a series of pictures after the sample
had been exposed to the magnetic �eld for approximately 15 days. The three
pictures are taken within a few minutes after the sample was removed from the
magnet. Note the black spots on the upper phase still present, the areas where
the magnet has previously been placed.
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(a) (b)

Figure 17.6: AQAS sample in silicone oil after exposure to magnetic �eld. The
tubes are 1 cm wide and 1 mm thick.
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(a) (b) (c)

Figure 17.7: AQAS sample in silicone oil after exposure to magnetic �eld for
approximately two weeks. The tubes are 1 cm wide and 1 mm thick.
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Conclusions
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Chapter 18

Conclusions

This has been an experimental study of the structure and resulting electrorhe-
ological behaviour of clays dispersed in melted para�n wax or silicone oil. The
conclusions on the di�erent experiments are split up into the sections below.

18.1 Para�n

The melted para�n proved to be a suitable solvent for ER performance. The
para�n wax was also appropriate for visual observation of the chain structure.
However, para�n is most likely not a suitable liquid for ER applications, since
the clay sedimentation rate is high due to low viscosity and a high operating
temperature, which are correlated. Nevertheless, rheometer experiments with
AQAS shows that ER e�ect in para�n is present and strong. In X-ray scatter-
ing experiments, the dominating scattering from the para�n overshadows the
scattering from the clay, and para�n is thus unsuitable with the equipment
used. An alternative to para�n, or a supplement, should be found.

18.2 Lipophilic Clays

The attempt to modify the laponite RD with CTAB was partly successful. The
sedimentation rate in silicone oil proved lower than for equivalent experiments
with normal laponite RD. This was indicated both rheologically and visually.
As expected, the ER e�ect was weaker than for untreated laponite RD, since the
relative clay concentration is lower and the surface properties are changed with
the use of CTAB. A comparison between the ER e�ect of AQAS and CTAB
showed only a slight di�erence. A questionable aspect with the CTAB was
the time-consuming treatment procedure, where only small amounts of �nished
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clay were produced in each session. In addition, the grinding method used
was insu�cient, since large particles were present. Dr. Wang tried a di�erent
approach in the surface modi�cation based on a method by Ogawa et al. [48].
The main di�erences were the use of water instead of the ethanol and the lower
drying temperature. This method showed much better results. However, even if
the surface modi�cation method should prove sucessful, the industry fabricated
clay AQAS showed equal or superior behaviour in all experiments, thus making
the CTAB modi�cation redundant.

18.3 Light Microscopy

The microscope technique proved suitable to take pictures of chain structures
and also suitable for recording of �lms. Pictures of laponite RD in para�n
were taken between crossed polarizers, where birefringence and anisotropy were
evident. The work with birefringence was not very extensive and should be
investigated further.

18.4 Sedimentation

The reduction of the sedimentation rate, i.e. the total sedimentation, for AQAS
in liquid para�n was signi�cant. The memory of ultrasound treatment was also
present to some extent in the same samples after solidi�cation and reheating of
the para�n. Similar tests with silicone oil showed a slight improvement. Ultra-
sound was also tested with respect to sedimentation times. It was found that
AQAS samples in silicone oil sediments slowed after ultrasound treatment and
that the e�ect was strongest for low temperature ultrasound treatment. Some
unexplained features of the sedimentation were also found. The theoretical back-
ground on sedimentation was limited, and observations were not always easy to
explain. A thorough study of sedimenation of ER suspension and sedimenation
theory provides an interesting topic for further study.

18.5 X-ray Scattering

The X-ray scattering experiments with para�n were unsuccessful, due to dom-
inating para�n scattering, as mentioned in section 18.1. The scattering data
from the oil suspension showed anisotropic pattern, indicating a direction pref-
erence of the clay particles and thus present ER e�ect. Synchrotron scattering
may provide results for para�n samples as well.
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18.6 AFM

No evidence for ER structure was observed using AFM. This propbably has to
do with the roughness of the sample surfaces. To cut the samples in order to
smoothen the surface without ruining or removing the clay structure, proved
di�cult. A computer controlled cutting technique may provide a solution to
the problem, and further work should yield good results.
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Appendix A

DVD Index

ER �lms:

V1: Showing a dispersion of Laponite RD treated with ultrasound.

• VT occurs after approximately 12 s. Notice the absence of visible chains.
(First chain after 62 s.)

• 84-85 s. Reorganizing of the chains. Formation of columns. It seems like
the large particle triggers the creation of the chain.

• 92 s. Showing what happens after the voltage is turned o�. The �ux has
once more a preference of �owing down the gap, similar to t ≤ 12 s.

V2: Showing a dispersion of Laponite RD treated with ultrasound.

• VT occurs after approximately 9 s.

• The voltage starts at 0 V and increases continuously up to approximately
3 kV.

• The �lm illustrates the creation and development of chains and subse-
quently columns.

V3: Showing a dispersion of Laponite RD.

• Voltage is turned on to a constant voltage 2 kV.

• Columns appears almost immediately after the voltage is turned on. No-
tice the di�erence in the column development compared to other �lms,
e.g. V2. The columns are created by growth form unattached particles,
not by merging of chains.

V4: Showing a dispersion of AQAS.

• VT occurs after approximately 17 s.
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• Voltage are turned o� after approximately 50 s.

V5: Showing a dispersion of AQAS.

• Voltage is turned on to a constant voltage 2 kV.

• A very small amount of oil is used, giving an almost two-dimensional
suspension.

Sedimentation �lms:

These �lms should be seen simultaneously to be able to compare them to each
other.

V6: Sedimentation of AQAS for approximately 24 hours.

V7: Sedimentation of AQAS treated with ultrasound at 23 ◦C for approximately
24 hours.

V8: Sedimentation of AQAS treated with ultrasound at 57 ◦C for approximately
24 hours.


