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Abstract

This master thesis presents a new experimental way to dynamically deter-
mine rheological properties of a complex fluid. The fluid investigated is a
suspension of the synthetic clay mineral laponite of 3 wt%. This is mixed
together with distilled water or a NaCl solution with concentrations bellow
10−2 M. Laponite gels are thixotropic and shear thinning with a yield stress.
In the experiments done during this thesis the transition between liquid and
solid behavior is investigated using a Hele-Shaw cell and a rheometer. Three
different phases is observed with respect to waiting time and NaCl concen-
tration. These are recognized as a liquid phase for small concentration of
NaCl and short waiting times and a solid phase for high concentration of
NaCl and long waiting time. In the intermediate range a viscoelastic phase
is observed.

Some experiments were done with the sample placed between crossed polar-
izers, and birefringence was observed in all three phases. In the solid phase
it is observed only a small area around the fracture tip. In the liquid phase
this is observed in front of the finger, but this is not a stable phase. In
the viscoelastic regime a stable nematic phase occur along the stress field
around the interface of the bubble. This nematic phase will align normal to
the glass surface. Fracture like patterns in the nematic phase are observed.
This is an elastic behavior with the clay platelets aligning normal to the
stress field to prepare for fractures to propagate there.

Different NaCl concentrations will give different arrested states, respectively
a repulsive glass and a attractive gel. It is expected that glass and gels be-
have differently in this experiment, but this was not confirmed. A gel phase
have been observed in concentrations of NaCl above 5 · 10−3 for waiting
times up to 605 hours. For smaller concentrations a even longer waiting
time is expected and experiments on this needs to be performed in future
studies.

In addition this experiment could investigate and give insight of flow in
complex fluid. To investigate this further, tracer particles have been used
in a few experiments. The results are promising for further studies.
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In this thesis work, a large range in waiting times and concentrations of NaCl
have been investigated. In future studies it should be carried out experi-
ments in a smaller range of these parameters along with other parameters.
Also a more quantitative analysis should be carried out. Especially the
transitions between fluid/viscoelastic and viscoelastic/solid is interesting to
investigate further.
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Sammendrag

Denne masteroppgaven presenterer en ny eksperimentell måte å dynamisk
bestemme de reologiske egenskapene til en kompleks væske. Væsken un-
dersøkt er en løsning med 3 wt% av den syntetiske leiren laponite sammen
med destillert vann eller en NaCl-løsning med konsentrasjoner under 10−2

M. Laponite er en tiksotrop og skjær tynnende leire med flytespenning . I
forsøkene gjort i løpet av denne oppgaven er overgangen mellom flytende
og fast stoff undersøkt i en Hele-Shaw celle og i et reometer. Tre forskjel-
lige faser observeres med hensyn til ventetid og konsentrasjon av NaCl, en
væskefase for små konsentrasjoner av NaCl og kort ventetid og en fast fase
for høye konsentrasjoner av NaCl og lang ventetid. Mellom disse er en
viskoelastisk fase.

Eksperimenter gjort med kryssede polarisatorer viser dobbelt brytning i
alle tre fasene. I den faste fasen er det bare et lite område rundt sprekkens
tupp som viser dette. I væskefasen er dette observert foran fingeren, men
dette er ikke en stabil fase. I det viskoelastiske regimet er det en stabil
nematisk fase som dannes langs spenningsfeltet rundt overflaten til boblen.
Leireplatene vil innrette seg normalt på glassflaten. Mønstre som ligner på
sprekker i den nematiske fasen er observert. Dette er en elastisk oppførsel
av leire plater som innstiller seg normalt på spenningsfeltet for å forberede
at sprekker kan utbre seg der.

Ulike NaCl konsentrasjoner vil gi ulike faste tilstander, henholdsvis et frastø-
tende glass og en attraktiv gel. Det forventes at glass og geler oppfører seg
annerledes i dette eksperimentet, men dette er ikke bekreftet. En gel-fase
har vært observert i konsentrasjoner av NaCl over 5 · 10−3 for ventetider på
opptil 605 timer. For mindre konsentrasjoner er det forventet en enda lengre
ventetid og eksperimenter på dette burde utføres i videre observasjoner.

I tillegg kan dette eksperimentet undersøke og gi innsikt i strømning i kom-
pleks væske. For å undersøke dette nærmere er sporingpartikler blitt brukt
i noen få eksperimenter. Disse eksperimentene ser lovende ut for videre
studier.
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I denne masteroppgaven er et stort spekter i ventetider og konsentrasjoner
av NaCl undersøkt. I videre studier bør et mindre spekter av disse parame-
trene undersøkes og analyseres kvantitativt. Spesielt overgangene mellom
væske/viskoelastisk og viskoelastisk/fast vil være interessante å undersøke
nærmere.
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Chapter 1

Introduction

This master thesis presents the result of studies done on instabilities in non-
newtonian fluids. It is a continuation of the work done by Beate Cappelen
during her master thesis [1] and my ninth semester project in the fall of 2011.

The system studied is a clay suspension of the synthetic clay mineral laponite.
This is a clay with a exiting phase diagram and several different solid states
could be reached with different clay and salt concentration and laponite is
one of the most studied clay systems. It is homogenous and the behavior of
the clay is strongly time-dependent. For low concentrations of laponite in
distilled water the process is slow and on the year scale[2, 3]. During time
the viscous and elastic properties will change. The study about elasticity
and viscosity is called rheology and more about rheology could be found in
section 2.1.

Many thing is known about laponite but many things still needs an ex-
planation. One of these things is the viscoelastic behavior when stress is
applied and this would be investigated in this thesis were we have linked
the patterns formed to elastic and viscous properties. More about clay is
found in section 2.7. The transition between a solvent and a solid state is
called the sol-gel transition and could be read more about in section 2.2.

The motivation for the study done in this thesis is to get a better under-
standing of flow and pattern formation of fingers and fractures in a two-
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CHAPTER 1. INTRODUCTION

phase system. Two-phase systems are a very common process in various
industries. The analogy between the Hele-Shaw cell and porous media is
known so much of this could be linked to the petroleum industry and flow
in oil reservoirs. For example a common way to recover more oil is to drill
several wells and pump water into the reservoir. At the interface between
water and oil it is typical to see water brake through to the pumping well
as fingers of water penetrating the oil [4]. More about fracturing, fingering
and the Hele-Shaw cell in section 2.3, 2.4 and 2.5.

Chapter 3 will give a description of the experimental work including prepa-
ration of clay. The protocol of preparing clay is changed from my project
report. To make a reproducible initial state the clay is dried and prepared
under a N2 environment in a glove bag to determine the concentration of
laponite accurate. The solvent is also filtered to dissolve the clay powder
completely. In addition to investigate the pattern experiments are done with
both crossed linear and crossed circular polarizers and with tracer particles.
Some experiments is also performed in a rheometer. In chapter 4 the results
obtained is presented and discussed. The conclusion is found together with
a proposal of future studies in chapter 5. In appendix A a summary of the
notation used in this report is found.

Parts of this work was presented on a international workshop on ’Soft matter
physics and complex flows’ in Lofoten 22.-25. May 2012. The poster is found
in appendix E.
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Chapter 2

Theory

2.1 Rheology

The term rheology was defined in 1929 as the study of the deformation and
flow of matter [5]. Rheology is the description of the behavior of matter
when forces or stress is applied [6]. Matter could be either solid, liquid or
gas. In one end of the spectrum there is ideal solids and on the other ideal
fluids. Fluid could be both liquid and gas.

Ideal solids deform elastically, this means that it will recover when stress is
removed and is described in the following equation:

σ = Gγ (2.1)

Here σ is the shear stress, γ is the strain and G is the shear modulus. Ideal
fluids on the other hand deforms irreversible and do not recover when stress
is removed. Ideal fluids are also called Newtonian fluids and are described
by:

σ = ηγ̇ (2.2)

Here σ is still the shear stress, γ̇ is the shear rate and η is the viscosity
constant. One can also argue that a solid can be treated as a fluid with
η → ∞ [6]. In three dimension Newtonian flow is described by Navier-
Stokes equations [7].

3



2.1. RHEOLOGY CHAPTER 2. THEORY

Generally σ is three-dimensional and divided into nine components as shown
in Figure 2.1. Here the first index of σnm refers to the orientation of the
surface and the second refers to the direction of the stress. Components
with both index equal (σxx, σyy and σzz) are called normal stresses and the
other are called shear stresses [5]. Symmetry implies that there are only
three independent components of shear stress and these are σxy, σxz and
σyz. It is usual to use normal stress differences rather than normal stress
[6]. These are defined as:

N1 = σxx − σyy (2.3)
N2 = σyy − σzz (2.4)

1 Non-Newtonian Fluids: An Introduction 7

Fig. 1.3 Stress components
in three-dimensional flow

y

z

x

σyy

σyz

σzy

σzx
σxz

σxx

σxy

σzz

σyx

Flow

components acting on the x-face (oriented normal to the x-axis) in Fig. 1.3 are
written as follows:

!xx D !2"
@Vx

@x
; (1.5)

!xy D !"

!

@Vx

@y
C

@Vy

@x

"

; (1.6)

!xz D !"

!

@Vx

@z
C

@Vz

@x

"

: (1.7)

Similar sets of equations can be set up for the stress components relevant to the
y- and z-planes. For a Newtonian fluid, in simple shear, !xx D !yy D !zz D 0,
because Vx only varies in the y-direction. Thus, the complete definition of a
Newtonian fluid requires it to satisfy the complete Navier–Stokes equations rather
than simply exhibit a constant value of shear viscosity.

1.2.2 Non-Newtonian Fluid Behaviour

The simplest possible deviation from the Newtonian fluid behaviour occurs when
the simple shear data ! – P" do not pass through the origin and/or does not result in
a linear relationship between ! and P" . Conversely, the apparent viscosity, defined
as != P" , is not constant and is a function of ! or P" . Indeed, under appropriate
circumstances, the apparent viscosity of certain materials is not only a function of
flow conditions (geometry, rate of shear, etc.), but it also depends on the kinematic
history of the fluid element under consideration. It is convenient, though arbitrary

Figure 2.1: Stress components in three-dimensional flow. Figure
adapted from [6].

2.1.1 Non-Newtonian fluids

Most liquids are not ideal but someplace between a fluid and a solid. They
will both flow and deform elastically in some way. That is why we call them
viscoelastic, non-Newtonian, non-linear or just complex fluids [6, 7]. To
describe how elastic or viscous a non-Newtonian fluid is, the dimensionless
Deborah number De is used. This is defined as:

De = time of relaxation/time of observation (2.5)

4



CHAPTER 2. THEORY 2.1. RHEOLOGY

A material can behave solid-like or fluid-like based on how large or small
the Deborah number is. For an ideal solid the time of relaxation and De is
infinite and for a ideal fluid the time of relaxation and De is zero. For all
practical reasons the material can be considered as solid when the time of
relaxation is larger than the time of observation (De < 1) [5, 8].

The relationship between shear stress and shear rate do not need to be
linear and the viscosity, η = σ/γ̇, is generally dependent on six independent
parameters; S, T , p, γ̇, t, and E. Here S is the physical-chemical nature
of the substance, T is temperature, p is the pressure, γ̇ is the shear rate,
t is the time and E is the electric field. Often several of these parameters
could be neglected. It is usually to distinguish between time-dependent and
time-independent behavior [7].

Time-independent fluid behavior

Effects that is not dependent on time could be thought of as processes with
no memory and there are three possibilities regarding shear rate. These are
shear-thinning/pseudoplastic behavior, shear-thickening/dilatant behavior
or viscoplastic behavior with or without shear-thinning. An overview of this
is shown in Figure 2.2 together with the line for a Newtonian fluid [6].

There are several different models that characterize this. The simplest one
is the power law model or Ostwald de Waele equation:

η = mγ̇n−1 (2.6)

This will give a straight line over an interval. For small intervals in shear
rate this could be a good model, but for larger range of shear rate this could
be bad. Other models that could be mentioned are the Ellis fluid model,
the cross model and the Sisko model. A comparison of three of these models
are shown in Figure 2.3 [5].

For the viscoplastic behavior there is a threshold stress, σ0, that must be
exceeded for the fluid to flow. When this is exceeded there could be behavior
similar to newtonian fluid flow(Bingham plastic) or shear-thinning behavior.
Two models used in this case is the Herschel-Bulkley fluid model and the

5



2.1. RHEOLOGY CHAPTER 2. THEORY

1 Non-Newtonian Fluids: An Introduction 9

Fig. 1.4 Qualitative flow
curves for different types
of non-Newtonian fluids

Figure 1.4 shows qualitatively the flow curves (also called rheograms) on linear
coordinates for the above-noted three categories of fluid behaviour; the linear rela-
tion typical of Newtonian fluids is also included in Fig. 1.4.

1.3.1 Shear-Thinning Fluids

This is perhaps the most widely encountered type of time-independent non-
Newtonian fluid behaviour in engineering practice. It is characterized by an apparent
viscosity ! (defined as "yx= P#yx), which gradually decreases with increasing shear
rate. In polymeric systems (melts and solutions), at low shear rates, the apparent
viscosity approaches a Newtonian plateau, where the viscosity is independent of
shear rate (zero shear viscosity, !

0
).

lim
P!yx!0

"yx

P#yx
D !

0
: (1.10)

Furthermore, polymer solutions also exhibit a similar plateau at very high shear rates
(infinite shear viscosity, !1), i.e.,

lim
P!yx!1

"yx

P#yx
D !1 : (1.11)

In most cases, the value of !1 is only slightly higher than the solvent viscosity !s .
Figure 1.5 shows this behaviour in a polymer solution embracing the full spectrum

Figure 2.2: Qualitatively the flow curves for a newtonian fluid
and the different categories of non-newtonian time-independent
fluids. Figure adapted from [6].

Figure 2.3: Comparison of shear rate graph for three different
models. The Cross model, the Sisko model and the power law
model. For clarity the graph has been shifted. Figure adapted
from [5].

6



CHAPTER 2. THEORY 2.1. RHEOLOGY

Casson model. The Herschel-Bulkley model is described with the following
equation:

η =
σ0
γ̇

+Kγ̇n−1 (2.7)

Where K represents the consistency factor and n represent how shear thin-
ning the system is. If n = 1 the equation represent the Bingham plastic
[5, 6, 9].

Time-dependent fluid behavior

In many cases the shear stress also is time-dependent. It is normal to divide
this in to two types, thixotropic behavior and rheopectic behavior. There
is only found a few fluids with rheopectic behavior but thixotropy is quite
normal. Rheopectic behavior is also called anti-thixotropy. The difference
between them is shown in Figure 2.4. Here the samples are applied steadily
increasing shear and then decreasing at the same rate. If the sample shows
no time-dependency, the lines would lay on top of each other. In the figure
this is not the case.

1 Non-Newtonian Fluids: An Introduction 17

Fig. 1.9 Typical experimental data showing thixotropic behaviour in a red mud suspension [33]

Fig. 1.10 Qualitative shear
stress–shear rate behaviour
for thixotropic and rheopectic
materials

viscous fluid, i.e., no hysteresis effect is expected for time-independent fluids. Data
for a cement paste [38] shown in Fig. 1.11 confirm its thixotropic behaviour. Fur-
thermore, in some cases, the breakdown of structure may be reversible, i.e., upon
removal of the external shear and following a long period of rest, the fluid may
regain (rebuilding of structure) the initial value of viscosity. The data for a lotion
shown in Fig. 1.12 illustrate this aspect of thixotropy. Here, the apparent viscosity is
seen to drop from !80 Pa s to !10 Pa s in about 5–10 s when sheared at P! D 100 s!1

Figure 2.4: Flow curve for thixotropic and rheopectic behavior.
Figure adapted from [6].

Thixotropy could be explained with that due to shear, internal structures
are broke down so the stress will be less as time goes by when shearing at
the same rate. This is in some cases reversible, so over a long period of

7
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rest structures are rebuild and fluid could regain initial values of rheology
parameters [6].

2.1.2 Linear viscoelasticity

Viscoelasticity means a material that shows both viscous and elastic behav-
ior. In other word a general viscoelastic model contains both Newtonian,
Hookean and materials in between. In the linear viscoelasticity theory the
differential equation with respect to time is linearly dependent with con-
stant coefficients. This do that the linear theory only is valid over a small
range of other parameters as temperature, pressure and electrical fields.
The general equation is shown in equation (2.8). Here σ and γ can be re-
placed with general tensors to give flow in all directions [5].

(
1 + α1

∂

∂t
+ α2

∂2

∂t2
+ · · ·+ αn

∂n

∂tn

)
σ

=

(
1 + β1

∂

∂t
+ β2

∂2

∂t2
+ · · ·+ βm

∂m

∂tm

)
γ (2.8)

Here some important cases are described. If β0 is the only non-zero coeffi-
cient we get:

σ = β0γ (2.9)

That is the same as the equation for an ideal solid with β0 = G, see equation
(2.1). Next if β1 is the only non-zero coefficient we get:

σ = β1
∂γ

∂t
= β1γ̇ (2.10)

That is the same as for an ideal fluid with β1 = η, see equation (2.2). The
simplest model of linear viscoelasticity is when combining these two, e.g.
β0 = G, β1 = η and all other coefficient are zero. This is known as the
Kelvin model or Voigt model [5, 6]:

σ = Gγ + ηγ̇ (2.11)

It could be shown that the following applies to the Kelvin model:

γ =
σ

G

(
1− e−t/τK

)
(2.12)

8
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Where τK = η/G is called the retardation time.

Another simple model is the Maxwell model. Here α1 = τM is called the
relaxation time, β1 = η and all other coefficient are zero:

σ + τM σ̇ = ηγ (2.13)

The following is true for shear stress:

σ = ηγ̇e−t/τM (2.14)

It is normal to picture Hookean elasticity with a spring and Newtonian
flow with a dashpot. This is shown in Figure 2.5. The Kelvin model and
Maxwell model could then be pictured by respectively a parallel and a serial
of these two. This is shown in Figure 2.6.

Figure 2.5: Schematic representation of (a) an ideal solid rep-
resented by an Hookean spring and (b) an ideal fluid represented
by the Newtonian dashpot. Figure adapted from [5].

It is possible to expand this to models containing three or more parameters,
but this could also easy be expanded to a ’generalized Kelvin’ and ’general-
ized Maxwell’ model. This could be done by rewriting equation (2.11) and
(2.13) and sum over n of this elements using the superposition principle.
This gives the following equation for the ’generalized Kelvin’ model:

γ(t) =
n∑
i=1

1

ηi

∫ t

−∞
e−(t−t

′)/τiσ(t′)dt′ (2.15)

And for the ’generalized Maxwell’ model:

σ(t) =
n∑
i=1

ηi
τi

∫ t

−∞
e−(t−t

′)/τi γ̇(t′)dt′ (2.16)

9
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Figure 2.6: Schematic representation of (a) the Kelvin model
with an Hookean spring and an Newtonian dashpot in parallel and
(b) the Maxwell model with an Hookean spring and an Newtonian
dashpot in serial. Figure adapted from [5].

To determine the parameters in this model, oscillatory shear measurement
in a rheometer is often used [5, 6].

Oscillatory shear

In a oscillatory shear test a harmonic strain is applied to the sample where
ω is the angular frequency that is applied:

γ(t) = γ0eiωt (2.17)

And the stress is defined:

σ(t) = G∗(ω)γ(t) (2.18)

Using the ’generalized Maxwell’ model found in equation (2.16), G∗(ω) is
found to be:

G∗(ω) =

n∑
i=1

iωηi
1 + iωτi

(2.19)

It is normal to write:
G∗ = G′ + iG′′ (2.20)

Where G′ is called the storage modulus and is related to the elastic behavior
and G′′ is called the loss modulus and is related to the viscous behavior of
the fluid. From equation (2.19) each of these modulus could be derived for

10
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the ’generalized Maxwell’ model:

G′ =
n∑
i=1

ω2ηiτi
1 + ω2τ2i

(2.21)

G′′ =
n∑
i=1

ωηi
1 + ω2τ2i

(2.22)

If G′′ is larger than G′ the viscous behavior is dominant and the structure
will be liquid-like. If G′ is larger than G′′ the elastic behavior is dominant
and the structure will be solid-like. When the modulus’s are equal it is
defined to be at the gel point [5, 6]. These two modulus could be combined
into what is called complex viscosity:

η∗ = η′ − iη′′ = G′′ − iG′

ω
(2.23)

Here η′ is called the dynamic viscosity and η′′ have no name but is related
to the dynamic rigidity. Often this is represented by the absolute value also
called complex viscosity [5, 10]:

|η∗| =
√
G′2 +G′′2

ω
(2.24)

Experiments in rotational rheometer

Rheological properties are often investigated in a rheometer. A rheometer
is an instrument that relies on rotation or oscillation of a rotor. Either in
a cone-plate setup, shown in Figure 2.7, with a flat stationary plate and a
rotating cone over, a parallel-plate setup with a flat plate substituting the
cone or the coaxial setup with the sample placed between two cylinders,
shown in Figure 2.8 [5, 7].

Two basic alternatives of measurements could be done in all geometries.
Either controlled stress input (CS-rheometer) or controlled shear rate input
(CR-rheometer). In each of this the other parameter is determined. The
shear stress is related to the torque of the rotor and the shear rate is linked
to the speed of the rotor. In addition there are two different designs re-
lated to how the stress and shear rate are measured. The Searle measuring
system measure both the torque and the speed of the rotor on the rotor

11
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Figure 2.7: Schematic representation of a cone-and-plate
rheometer. Figure adapted from [5].

Figure 2.8: Schematic representation of a coaxial rheometer.
Figure adapted from [7].
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shaft axis. The Couette measuring system measure the torque on the rotor
shaft axis while the speed is measured on the plate or the outer cup (coaxial
rheometer) [5, 7].

Tests in rheometer could both be static and dynamic. Static tests involve
the measuring of what happened when a step change in stress or strain and
development in time after this change. Dynamic tests involve harmonically
change in stress or strain and often are oscillatory movement used. Param-
eters that could be changed beside the stress or strain is frequency and time
between each measurement. In many rheometers there are also possible to
control the temperature and the pressure [5].

2.2 Sol-gel transition

The sol-gel transition is the transition from a solution(sol) state to an gel
state. This take place because the dissolved medium starts formation of
some macroscopic network. As mentioned in section 2.1 when talking about
oscillatory shear the sol-gel transition could be measured in a rheometer and
is when the storage modulus, G′, is equal to the loss modulus, G′′. A weak
gel structure could be broken by shear and the best way to prevent this is
by using small amplitude oscillatory measurements [11].

At the sol-gel transition the medium is neither a solution or a gel, but in
a transition between them. It also could be characterized by divergency of
the viscosity and appearance of elastic behavior. This behavior is shown in
Figure 2.9 [12, 13].

The sol-gel transition could also be studied using different types of light
scattering. In experiments using dynamic light scattering the sol-gel tran-
sition is recognized of the non-ergodic behavior by the correlation function
[14]. Martin and Wilcoxon used quasielastic light scattering to measure the
intensity function and the divergence in characteristic relaxation time at
the gel-point [15, 16].

13
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Figure 2.9: Schematic behavior of viscosity and modulus at the
sol-gel transition. Figure adapted from [12].

2.3 Fracture mechanics

Fracture is a well known theory when it comes to linear elastic homogeneous
solids. For heterogeneous materials it is more complicated. One should
expect the most brittle places to crack first, but when you first have a
crack this will contribute to how the stress gradient is in the material. This
means that it is extremely statistical behavior for how fractures develop.
Here it will be concentrated on the simplest, that is linear elastic fracture
mechanics. Then nonlinear and dissipative process only is actual in a small
volume around the crack tip called the fracture process zone or the failure
zone. This is shown in Figure 2.10 [17, 18].

An ideal crack will start to propagate when the mechanical energy per
unit area released by the solid, G, is larger than the energy per unit area
dissipated to create two new surfaces, Γ. The parameter Γ is often called
the fracture energy. This is called the Griffith criterion as this is the criteria
that must be fulfilled before the crack starts to propagate:

G ≥ Γ (2.25)

Under quasi-static conditions, the crack velocity is as following:

1

µ
v = G − Γ (2.26)
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Theory of crack initiation and growth in viscoelastic media. I 
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Figure 1. Cross-section of an idealized crack. 

However, in general, the material within the zone may be highly nonlinear and viscoelastic; 
further, it need not be a continuum in that it could consist of very fine strands or any other 
disintegrating material which is representative of the complex structure near a crack tip, 
or the failure zone could be simply the region in which significant attractive interatomic 
forces act between atoms in adjacent crack surfaces. In practice, the boundary between the 
undamaged continuum and the material in the failure zone will be rather diffuse, and there 
will be a layer of damaged material which extends into the continuum along x < aa as well 
as around the failure zone; we assume this layer is small enough that its effect on the 
prediction of the displacement v (see Fig. 1) in the neighborhood of the tip is negligible. 
The location x = aa defines the apparent crack tip, which is often referred to in the literature 
as the crack tip. However, in contrast, throughout this paper crack tip will mean the tip 
at x=a. 

Yl - -  

V 
Figure 2. Normal  stress along crack plane. 

Referring to Fig. 2, the reaction of the failure zone on the surrounding continuum is 
represented by a tensile stress distribution, a l ,  while a r denotes the tensile stress acting within 
the linearly viscoelastic material along the crack's prolongation. 

External loads applied to the continuum are assumed to act symmetrically with respect 
to the crack; thus shearing stresses along x > a are zero and a pure crack opening mode 
results. However, in reality, shearing stresses act along the continuum within the failure 
zone close to the tip. This may be seen by referring to Fig. 3, which shows the forces acting 

Int. Journ. ofFracture, ll(1975) 141-159 

Figure 2.10: Cross-section of an ideal crack with the fracture
process zone or failure zone marked. Figure adapted from [17].

Where µ is the effective mobility and v is the crack velocity. In general the
fracture energy will depend on the entire history of stresses acting on the
material. Experiments on the other hand shows that this is approximately
constant. How the fracture develops depend on the crack velocity, the size
of the failure zone, temperature, other environmental factors and on chem-
ical aging effects. [17, 19, 20].

The largest speed a crack could have is equal to the Rayleigh wave speed,
cR, that is the velocity of an acoustic wave along the surface of the solid.
As first approximation this would give the following [21]:

v = cR

(
1− Γ

G

)
(2.27)

Experimentally the speed of a crack seldom exceed half of this speed. This
is because of the material reflecting elastic waves on the remote boundaries
making the fracture unstable. This could also cause rougher fractures or
branching [22].

2.3.1 Straight cracks

A straight crack in two dimensions is shown in Figure 2.11. Here σij is the
stress field, r is the distance to the crack tip and θ is the angle with respect
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to the crack. It is possible to have three different modes of fractures, the
tensile mode (Mode I), the shearing mode (Mode II) and tearing mode
(Mode III). These modes are shown in Figure 2.12 [21].

4 D. Bonamy, E. Bouchaud / Physics Reports 498 (2011) 1–44
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xyσ

xxσ

Fig. 1. Sketch and notation describing the stress field in the vicinity of a slit crack tip in a two-dimensional medium.

Once Griffith’s criterion is fulfilled the crack starts tomove; G = � corresponds to the onset of propagation. Under quasi-
static conditions, the crack velocity is proportional to the excess elastic energy release [9], i.e. to the difference between the
static energy release rate G – the amount of energy per unit area present at the tip of a static crack – and the fracture energy
� :

1
µ

v = G � � (2)

where µ is the effective mobility of the crack front. When v becomes important, the quasi-static assumption stops being
valid and v is given by balancing the mechanical energy flux into the process zone with the dissipation rate � v. This flux
balance then takes the following form [9]:

GA(v) = � (3)

where A(v) is a universal function of v and G is the mechanical energy released at the tip of a static crack. In first
approximation, A(v) is shown to take the following form:

A(v) ⇡ 1 � v

cR
(4)

and cR is the Rayleigh wave speed, i.e. the speed of acoustic waves propagating along the surface of the considered material.
Inverting this relation yields the following equation of motion for a dynamically moving crack:

v = cR
✓
1 � �

G

◆
. (5)

Experiments performed on nominally brittlematerials are describedwell by this equation as long as crack growth is slow
enough [10]. As amatter of fact, several discrepancies have been evidencedwhen the crack velocity is large enough [11–14].
This dynamic fracture regime is beyond the scope of the present review. The interested reader can refer to the reviews of
Ravi-Chandar [15] and Fineberg and Marder [16] for details.

2.1.2. Straight cracks
Describing material failure within the LEFM theory requires the computation and comparison of two quantities (Eq. (1)):

(i) the fracture energy � and (ii) the mechanical energy release rate G. What sets the value of � in a given material
depends crucially on the complex damage and dissipative processes occurring within the FPZ, at the scale of the material
microstructure. Several examples of such dissipative processes will be given in Section 2.2. No basic principle allows to
predict its value from the knowledge of the chemical and the microstructural compositions. On the contrary, the second
term depends on the stress and displacement fields outside the FPZ, and it can be computed using Linear Elasticity. Let us
first consider the case of a straight crack embedded in a two-dimensional medium under tension, as depicted in Fig. 1. As
first shown by Irwin, the stress field � exhibits a square root singularity at the crack tip:

�ij ⇡ Kp
2⇡r

Fij(✓) (6)

where r is the distance to the crack tip and ✓ is the angle with respect to the crack, as depicted in Fig. 1. While the functional
forms of Fij(✓) are universal, the prefactor K , called the stress intensity factor depends on the crack length, on the specimen
geometry and on the applied tension. Note that Eq. (6) implies that K being the product of a stress by the square root of a
length is expressed in MPa m1/2.

This notion can be generalized for any loading condition. In this respect, it is convenient to distinguish three basic modes,
as depicted in Fig. 2:Mode I (tensilemode) corresponds to a crack propagating in a plane perpendicular to the uniaxial tensile

Figure 2.11: Sketch of an straight crack in a two-dimensional
medium with the notation indicated. Figure adapted from [21].
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Fig. 2. The three modes of fracture: Tensile mode (Mode I), shearing mode (Mode II) and tearing mode (Mode III).

stress; mode II (shearing mode) corresponds to a shear of the crack walls in a direction normal to the crack front; and mode
III (tearingmode) corresponds to a shear parallel with the crack front. Any set of loading conditions can be decomposed into
a sum of these three basic modes. To leading order, the stress field in the vicinity of the crack tip can be written as:

�ij ⇡ 1p
2⇡r

�
F I
ij(✓)KI + F II

ij (✓)KII + F III
ij (✓)KIII

 
(7)

where KI , KII and KIII are called mode I, mode II and mode III stress intensity factors, respectively. The mechanical energy
release rate G is then shown to be equal to:

G = K 2
I

E 0 + K 2
II

E 0 + (1 + ⌫)
K 2
III

E 0 (8)

where ⌫ is the Poisson ratio of the material, and E 0 is either equal to the Young’s modulus E in the plane stress situation –
typically at the free surface of a three dimensional solid where the perpendicular components of the stress have to be zero
– and E 0 is equal to E/(1 � ⌫2) in plane strain conditions – i.e. typically within the bulk of the specimen –.

Of the threemodes, the first one is by far themost relevant to crack propagation in solids. Aswe shall see later, in virtue of
the so-called principle of local symmetry, there is always a tendency for a brittle crack to seek an orientation that minimizes
the tip shear loading in an isotropic solid. Therefore, in all the fracture processes to be discussed in this paper, we will
consider solids loaded dominantly in tension where the local perturbations in modes II and III induced by microstructural
processes will be subordinated to that of mode I. In that case, Eq. (8) reduces to:

G = K 2
I

E 0 . (9)

For a crack of length a in an infinite medium, it can be shown that KI is proportional to a1/2, which means that the elastic
energy release rate G is proportional to a.

Defining the fracture toughness KIc of a material by KIc =
p

� E, one can rewrite Griffith’s criterion for crack propagation
(Eq. (1)) as:

KI � KIc . (10)

Linear elasticity also allows one to compute the next terms in the expansion of the stress field at the tip of a straight
crack. The non-singular terms of the development become increasingly important farther from the crack tip, but they do not
intervene in the computation of G given by Eq. (9). One has:

�ij ⇡ KIp
2⇡r

F I
ij(✓) + TIGI

ij(✓) + AI
p
rHI

ij(✓) + · · · (11)

where F I
ij(✓), GI

ij(✓) and HI
ij(✓) are universal functions of ✓ . As for KI , the constants TI (called T -stress) and AI depend on the

crack length, on the geometry of the specimen and on the loading conditions. These terms turn out to be important when
one seeks to compute the local variation of stress intensity factors along the front of a slightly non-planar crack [17]. As
it will be seen in the the following section, the non singular terms are involved in the calculation of the corrections to the
stress intensity factors due to the presence of disorder.

2.1.3. Weakly distorted cracks
As a matter of fact, a crack propagating slowly enough in a homogeneous elastic material remains perfectly smooth. One

can then determine – at least numerically – the values of the stress intensity factors along the crack front. In a heterogeneous
material, defects induce distortions of the crack front, which in turn modify the values of the stress intensity factors along
it. First order perturbation analysis has been used to relate the modifications of the stress-intensity factors to the deviations
from straightness.

Figure 2.12: The three modes of fracture, respectively the tensile
mode, the shearing mode and the tearing mode. Figure adapted
from [21].

The stress field could approximately be written as follows:

σij ≈
1√
2πr

(
F Iij(θ)KI + F IIij (θ)KII + F IIIij (θ)KIII

)
(2.28)

Here I, II and III comes from the different modes described. K is called
the stress intensity factor and Fij is a universal function. This means that
it do not depend on the details of the crack, but on material properties and
the angel θ. In most fracture process the Mode I is the dominant process
and often the other two modes could be neglected. If the mechanical energy
release per unit area is considered it could be shown that in a plane stress
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situation:

G =
K2
I

E
(2.29)

Where E is the Young’s modulus of the material. In plain strain conditions,
the following will be the expression for the mechanical energy release per
unit area:

G =
K2
I

E
(1 + ν) (2.30)

Where E still is the Young’s modulus and ν is the Poisson ratio of the
material. K will rely on the length of the crack, the geometry of the sample
and the applied tension. It could be explained that for an infinity large
sample, K is proportional to the square root of the length of the crack [21].

2.4 Saffman–Taylor instability/Viscous fingering

In 1958 Saffman and Taylor studied the stability of the interface between
two fluids with different viscosity. If the surface accelerate from the less
viscous fluid towards the more viscous, the surface is unstable and viscous
fingering appears. This is often called the Saffman–Taylor instability. The
motion of the fluid is supposed to follow Darcy’s law which was derived
experimentally in 1855 [4, 23]:

~u = −k
η
∇p = ∇φ (2.31)

Where ~u is the velocity, k is the permeability, η is the viscosity, p is the
pressure and φ is the velocity potential. Assuming the fluids are incom-
pressible the equation of continuity is satisfied and this will give ∇~u = 0
or ∇2φ = 0 that is the Laplace’s equation. An example from the classic
experiment of Saffman and Taylor is shown in Figure 2.13

Saffman and Taylor assumed that the surface tension could be neglected
and derived the following parametric equation for the surface of the finger:

x =
w (1− λ)

2π
ln

(
1

2

(
1 + cos

2πy

λw

))
(2.32)

Where x is the direction the finger moves, y is in the direction of the width
of the finger, perpendicular to x, w is the width of the cell and λ is the width
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Figure 2.13: Picture of a viscous finger in a Hele–Shaw cell from
the original work by Saffman and Taylor. Figure adapted from
[4].

of the finger relative to the cell. In other words: λ = (width of finger)/w.
These parameters could be seen in Figure 2.14 with the origin taken at
the tip of the finger. The parameter b is the gap between the plates. The
experiments done by Saffman and Taylor indicated that λ will approach
an asymptotic value of 0.5, which is said to be the limiting value for high
velocities. This profile also fits equation (2.32) well for λ = 0.5, but not for
other values of λ [4, 24, 25].

Figure 2.14: Parameters of a finger moving in a channel.

The assumption that the surface tension is negligible is found to be poor
in many cases and the finger widens when this tensions becomes a more
important contribution. It was proposed by Pitts in 1980 that λ is depen-
dent on the capillary number, Ca, and the gap-width to cell-width ratio, ε,
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defined as:

Ca =
∆ηu

σ
(2.33)

ε =
b

w
(2.34)

Where ∆η is the difference in viscosity between the two fluids, u is the
velocity of the finger and σ is the surface tension, this could then be fitted
to the model. McLean and Saffman proposed in 1981 [26] the right scaling
to be Ca/ε2. This shows a good agreement with experimental results for
some cases as shown by Park and Homsy in 1985. This scaling is often
summed up in the factor 1/B and represent the ratio of viscous forces over
the capillary forces [24, 27, 28, 29].

1/B =
12Ca

ε2
=

12ηuw2

σb2
(2.35)

The function λ(1/B) was first estimated numerical and in 1988 Rabaud et.
al. [30] derived a function for this:

λ =
πα
√
B

2

[(
1 +

4

πα
√
B

)1/2

− 1

]
(2.36)

Where α is a proportionality constant found by the radius of curvature.

When a fluid is displaced by a less viscous fluid there is an instability which
prevents a planar interface to occur. For a wide range of system parameters
the interface between the fluids settle to a single finger. The surface tension,
σ, is a very important factor and the instability could give a large response
to even small noise [31, 32, 33]. Theoretical work have found that the values
of λ seen experimentally is solutions of Darcy’s law, but there is also many
other solutions of the law that are not chosen. This selection is still a large
question that still remain unanswered and understood physically [34].

Often other effects must be taking into account. That the interface is not
straight but is forming a meniscus and the wetting-layer effect are two of
them. In a more realistic model the fluid that is displaced will wet the walls,
and leave a film behind that will complicate the boundary conditions. This
is schematically shown in Figure 2.15. Park and Homsy proposed in 1984
[35] an effective surface tension to take care of this:

σ∗ = σ
(π

4
+ αλ (w/b) (ηu/σ)2/3

)
(2.37)
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Where α, with reasonable values between 1.5 and 4, is related to the average
of the normal to the interface with respect to the x-axis. This shows good
agreement with experimental results except for large values of 1/B [26, 36,
37, 38].

Figure 2.15: Schematics of the viscous finger (a) without and
(b) with wetting-layer effect. Figure adapted from [39].

2.5 Fingering/Fracturing in a Hele-Shaw cell

The Hele–Shaw was invented by Henry Selby Hele-Shaw in 1898 [23]. It
consists of two glass plates with a gap inbetween and is used to investigate
viscous flow. To describe this flow Saffman and Taylor used Darcy’s law,
equation (2.31), with the permeability, k = b2/12, where b is the gap be-
tween the plates, as an analogy for flow in porous media [4]. A sketch of an
Hele-Shaw cell is shown in Figure 2.16.

The most usual experiment in the Hele-Shaw cell is to fill the cell with
some viscous media and then use air or some other fluid to displace this
media. Air have a viscosity of 1.82 · 10−5 Pa·s and could be neglected in
most experiments. How fluid-like or solid-like the response of the displaced
media is given by the Deborah number, equation (2.5). It appears viscous
fingers for De << 1, viscoelastic fractures for De > 1 and single plane
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Figure 2.16: Sketch of an Hele-Shaw cell. Figure adapted from
[40].

cracks for De >> 1. The differences is shown in Figure 2.17 [41, 42].

A Hele-Shaw cell could either be linear or radial and the difference is where
the injection of displacing fluid takes place. If this is in the end of the cell,
the cell is said to be linear, like shown in Figure 2.13. If the cell is radial
the hole is in the middle and the pattern becomes like shown in Figure 2.17
and 2.18.

In addition the problem gets more complicated when the fluid is non-
Newtonian. The instability could be described by a velocity dependency
of the surface tension and the viscosity. The width of the finger could also
be used to determine material properties by measuring the width of the
finger. If the fluid is shear thinning the viscosity, that is a part of the 1/B
parameter, is depending on the shear rate. For a weak shear thinning fluid
it is sufficient to replace the viscosity η with η(γ̇).

Lindner et. al. [25] found that the parameter α in the equation for λ(1/B),
equation (2.36) is linearly dependent on the factor n from Ostwald de Waele
equation, equation (2.6) with the following equation:

α = 4.29n (2.38)

In the Hele-Shaw cell the shear rate could be approximated to be:

γ̇ ≈ u

b
(2.39)

Where u is the finger velocity and b is the gap between the plates.

For stronger shear thinning fluids Darcy’s law must be rewritten to find the
dependency in the pressure gradient and in some cases the normal force,
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Figure 2.17: Overview of different patterns obtained in a radial
Hele-Shaw cell. In (a) viscous fingering, (b) viscoelastic fracturing
and (c) single plane cracking. Figure adapted from [41].
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Figure 2.18: Schematics of an radial Hele-Shaw cell. Figure
adapted from [43].

N1(γ̇) also must be included in a effective surface tension:

σ∗ = σ +
1

2
N1(γ̇)b (2.40)

With the right corrections to the 1/B factor the curve of experimental
results shows good agreement of the classical curve for λ(1/B). In other
complex fluids with higher Deborah number and a more elastic response this
will be even more complicated and λ get irrelevant as the patterns appears
more fracture like. [25, 41, 44, 45, 46].

2.6 Polarization and birefringence

Light could be seen on as electromagnetic waves described by Maxwell’s
equations:

∇ ·E =
1

ε0
ρ (2.41)

∇ ·B = 0 (2.42)

∇×E = −∂B
∂t

(2.43)

∇×B = µ0J + µ0ε0
∂E

∂t
(2.44)

Where E is the electric field vector, B is the magnetic field vector, ρ is
the charge density, J is the volume current density vector and ε0 and µ0 is
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respectively the permittivity and the permeability of free space.

In free space, ρ and J are zero and it could be shown that the wave has no
electric field in the direction the light propagates. If the light propagate in
the x-direction and the electric field is in the y-direction it could be shown
that:

Ey = cBz (2.45)

The magnetic field is normal to both the direction the light propagate and
the electric field. In size the magnetic field only differs from the electric
with a scalar. This is shown in Figure 2.19 [47, 48].

Figure 2.19: Schematic of E-field and B-field of light. Figure
adapted from [47].

The moment-by-moment direction of the E-field is defined as the polariza-
tion. In Figure 2.19 the E-field is only in the xy-plane. This corresponds
to linearly polarized light. It could be described by the following equation
for a harmonic wave.

Ey(x, t) = E0y cos(kx− ωt) (2.46)
Bz(x, t) = B0z cos(kx− ωt) (2.47)

Where E0y and B0z is the amplitude of the wave. Light could also have
other polarization like elliptical or circular. In these cases the polarization
will change direction. In Figure 2.20 circular polarization is shown [47, 48].
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Figure 2.20: Circular polarized light. Figure adapted from [47].

2.6.1 Birefringence

In free space an electromagnetic wave propagates with the speed c = 1/
√
ε0µ0 =

3 · 108 m/s. In a medium on the other hand an electromagnetic wave prop-
agate with a speed v = 1/

√
εµ that is slower than c. Here ε and µ is the

permittivity and the permeability of the medium. The ratio of the speed in
free space over the speed in the medium is defined as the absolute index of
refraction, n:

n =
c

v
=

√
εµ

ε0µ0
(2.48)

In many substances the optical properties are anisotropic. This means that
the index of refraction is different for various directions in the substance.
This could be described by two indexes called the ordinary, no, and the
extraordinary, ne, refractive index. Here the extraordinary is defined to be
parallel to the axis of anisotropy and the ordinary is perpendicular to this.
The difference in these indexes are a measure of the birefringence:

∆n = ne − no (2.49)
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One way to observe the birefringence in a sample is to use crossed polarizers.
White light will go through a linear polarizer, then the sample and then
another linear polarizers axis perpendicular to the first polarizer. If the
sample is optical isotropic no light will go through the second polarizer. So
if light could be seen going through the second polarizer it is because the
sample shows birefringence. This is shown in Figure 2.21 [47, 49].

Figure 2.21: Example of setup used when observing birefrin-
gence in the sample. Figure adapted from [49].

Nematic phase

Crystals always have a perfect structure with a preferred direction and
is not orientation dependent. On the other hand liquids are completely
isotropic. There are some molecules that spontaneously could obtain an
inner ordering in the liquid phase and make some anisotropy. These are
called liquid crystals or nematogens. The phase is called nematic. The
nematic phase shows a directional order, but no positional order. If there
also is a positional order it is called a smectic phase. This is described in
Figure 2.22 [50].

The nematic director, n, describes the preferred direction of the nematogens
and is along the optical axis. The nematic phase have the property n = −n,
so turning the system 180◦ will give the same optical properties. How
aligned the nematogens are is described by the nematic order parameter,
S2:

S2 =

〈
3 cos2 θ − 1

2

〉
(2.50)
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Figure 2.22: Illustration of microscopic structure and order of
the isotropic, nematic and smectic phase. Figure adapted from
[51].

Here θ is the angel between each individual nematogen to the nematic direc-
tor. S2 = 0 for an isotropic distribution and S2 = 1 for a perfect orientation.
S2 is also proportional to the birefringence ∆n [50, 52].

2.6.2 Polarizers and quarter-wave plate

Normal white light contains light with all polarizations. An optical device
that could take unpolarized light as input and send out polarized light is
called a polarizer. A linear polarizer for example will transmit only light
with polarization along one axis and block light with other polarizations as
seen in Figure 2.23 [47].

Figure 2.23: The basic principle of a linear polarizer. Unpo-
larized light enters the polarizer and only light with linear po-
larization along one plane is transmitted. Figure adapted from
[1].

A quarter-wave plate is an optical device that introduce a relative phase
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shift of 90◦ between the ordinary and the extraordinary axis. This gives
that linear polarized light get transferred into circular or elliptical polarized
light [47].

Mathematical description

Mathematically polarization of light could be described by Stokes vectors.
This is a column vector with four elements, each describing one type of
polarization. The Stokes vector for 45◦ linear polarized light is:

1
0
1
0


And for right-handed circular polarized light the Stokes vector is:

1
0
0
1


Every optical device like polarizers and wave plates that transmit light could
then be described by a 4×4 Mueller matrix. If a Stokes vector is multiplied
with a Mueller matrix a new Stokes vector describing the polarization of the
outgoing light is obtained. For example the Mueller matrix for a quarter
wave plate with fast vertical axis is:

1 0 0 0
0 1 0 0
0 0 0 −1
0 0 1 0



If initial 45◦ linear polarized light goes through a quarter-wave plate with
fast vertical axis the calculation gives circular polarized light out as expected
[47]: 

1 0 0 0
0 1 0 0
0 0 0 −1
0 0 1 0




1
0
1
0

 =


1
0
0
1


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2.7 Clay minerals

Clay minerals can be found everywhere on earth and have since ancient time
been used in art, building material etc. Natural clay is a very heterogeneous
mixture of minerals, but pure clay could also be made synthetically. The
term clay is used only for natural clay, but clay mineral can be both natural
and synthetic. This will be used throughout this thesis [53, 54, 55].

Clay contains layers of sheets and each sheet is either tetrahedral or octa-
hedral. The difference between this could be seen in Figure 2.24. Further
clay minerals are classified in either 1:1 or 2:1 structure. Here 1:1 means
one layer contains one tetrahedral and one octahedral sheet, and 2:1 means
that one layer contains one octahedral sheet between two tetrahedral sheet
[53]. This is shown in Figure 2.25.

Figure 2.24: (a) an tetrahedral sheet and (b) an octahedral sheet
of clay minerals. Figure adapted from [53].

The 1:1 layer structure is more compact than the 2:1 layer structure. This
have the interlayer distance d001 ∼ 7 Å while for an empty 2:1 structure
d001 ∼ 9 Å. 2:1 layer structures often have a negative surface charge and
then it can be cations between the layers. In almost every clay mineral there
is intercalated water between layers in normal humidity and temperature.
Clay minerals will react different in form of the number of water layers
intercalated. When some clay minerals are dissolved in water they will swell
and completely exfoliate. In this thesis a 2:1 smectic, swelling clay mineral
called laponite is used. This is one of the most widely studied synthetic
clay minerals, and in addition it is transparent when dissolved in water so
it is easy to see through it when it is in the Hele-Shaw cell. In Figure 2.26
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Figure 2.25: Difference of an 1:1 and 2:1 layered clay mineral.
Figure adapted from [53].

a overview of a typical 2:1 smectic clay mineral is found [53, 55, 56].

Figure 2.26: Structure of a typical 2:1 layered clay mineral.
Figure adapted from [57].

2.7.1 Laponite

As mentioned, laponite is a 2:1 smectic clay mineral and the empirical chem-
ical formula is Na0.7+[Si8Mg5.5Li0.3O20(OH)4]0.7−, where Na is a interlayer
cation that can be changed. The layers are almost round with a diameter
of 25 nm and the thickness of one platelet is 0.92 nm. The surface charge of
the platelets is negative and on the edge there is a smaller positive charge.
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A schematic figure of a laponite platelet is shown in Figure 2.27 [58].

Laponite is an entirely synthetic
product. The synthesis process
shown in Figure 1 involves
combining salts of sodium
magnesium and lithium with
sodium silicate at carefully
controlled rates and temperatures.
This produces an amorphous
precipitate which is then partially
crystallised by a high temperature
treatment. The resulting product is
filtered, washed, dried and milled to
a fine white powder.

Laponite has a layer structure
which, in dispersion in water, is in
the form of disc-shaped crystals. It
can be envisaged as a two-
dimensional “inorganic polymer”
where the empirical formula forms a
unit cell in the crystal as shown in
Figure 2. This shows six octahedral
magnesium ions sandwiched
between two layers of four
tetrahedral silicon atoms. These
groups are balanced by twenty
oxygen atoms and four hydroxyl
groups. The height of the unit cell
represents the thickness of the
Laponite crystal. The unit cell is
repeated many times in two
directions, resulting in the disc-

shaped appearance of the crystal
shown in Figure 3. It has
been estimated that a typical
Laponite crystal contains up to 2000
of these unit cells.

Macromolecules of this particle size
are known as colloids. Natural clay
mineral thickeners such as bentonite
and hectorite have a similar disc
shaped crystal structure but are
more than one order of magnitude
larger in size. The primary particle
size of Laponite is compared with
those of natural hectorite and
bentonite in Figure 4.

The idealised structure shown in
Figure 2 would have a neutral
charge with six divalent magnesium
ions in the octahedral layer, giving a
positive charge of twelve. In practice,
however, some magnesium ions are
substituted by lithium ions
(monovalent) and some positions are
empty to give a composition which
typically has the empirical formula:

Manufacture, structure and chemistry

Figure 1. Production flow diagram
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This has a negative charge of 0.7
per unit cell, which becomes
neutralised during manufacture as
sodium ions are adsorbed onto the
surfaces of the crystals. The crystals
become arranged into stacks which
are held together electrostatically by
sharing of sodium ions in the
interlayer region between adjacent
crystals. The processes that occur
during dispersion of Laponite into
water are shown schematically in
Figure 5. At 25ºC in tap water and
with rapid agitation, this process is
substantially complete after 10
minutes. High shear mixing, elevated
temperature or chemical dispersants
are not required.

A dilute dispersion of Laponite in
deionised water may remain a low
viscosity dispersion of non-
interacting crystals for long periods
of time.

The crystal surface has a negative
charge of 50-55 mmol.100g-1 The
edges of the crystal have small
localised positive charges generated

by absorption of ions where the
crystal structure terminates. This

positive charge is typically
4-5 mmol.100g-1.

Figure 2. Idealised structural formula
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Figure 2.27: Schematics of a laponite platelet. Figure adapted
from [58].

In experiments performed during this thesis, laponite is dispersed in water
or a NaCl solution. If dispersing in distilled water the ionic strength is less
than 10−4 mol/L. When dispersing in water laponite delaminate into almost
only single platelets, but to shear melt all structures it must be subjected
to strong shear. Stress over about 9 Pa will start to destroy structures.
Scattering experiments have shown that filtering will destroy almost all ex-
isting structures, but the filtering have no influence of rheological properties
[10, 59, 60, 61].

Laponite is a interesting material because it have several final arrested states
with different concentration of clay mineral and ions. The first trial to make
a phase diagram was done by Mourchid et. al. in 1995 [62]. Later more
studies on this have been done and there are still some disagreements on
the phase diagram. The phase diagram with respect to concentration of
salt and laponite is shown in Figure 2.28. The different arrested states that
have been reported are gel, repulsive (Wigner) glass and attractive glass.
The repulsive glass is formed by long-range Coulomb interaction while the
attractive glass and gel are formed by van der Waals attractions. For higher
ionic strength than 10−2 M flocculation will occur. [63, 64, 65, 66, 67].

The Coulomb interaction represent a fast process. For high concentrations
of clay mineral and low ionic concentration the arrested state will be a re-
pulsive glass. For lower concentrations of clay mineral the process become
slower because van der Waals attraction must make some clusters before
the repulsive forces could form a solid. For higher concentration of ions the
Coulomb interaction is screened and the attractive forces are dominant and
will make a attractive glass or gel. The difference between these two are
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Figure 2.28: Phase diagram of laponite. Cw is the weight per-
cent of laponite and Cs is the concentration of NaCl in mol/L.
Figure adapted from [67].
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that the attractive glass have a homogenous structure while the gel is het-
erogenous. Controlling the pH or/and the conductivity of the initial sample
can be important to know exactly the ionic strength [56, 61, 65, 68, 69].

There are basically two different possibilities platelets of laponite can stick
together. Either with a T-shape or with the overlapping coins configura-
tion. This is shown in Figure 2.29. In the energy spectrum the T-shape
have a broad minimum while the overlapping coins will have a deeper and
narrower minimum. For ionic strength bellow 5·10−3 the forces are mainly
repulsive, but from this concentration the overlapping coins are the pre-
ferred configuration although T-shape also is found. An aging effect with
the change from T-shape to overlapping coins is found although the sample
show solid behavior [70, 71].

Figure 2.29: Different possible edge to surface interactions of
laponite. (a) T-shape and (b) overlapping coins. Figure adapted
from [71].

For clay concentration under 3 wt%, and on a short time-scale laponite will
appear as a liquid and the rheological behavior will be Newtonian. For
higher concentration and longer waiting time it will behave shear thinning
and have a yield stress that must be overcome before it flows. The Herschel-
Bulkley model is a good approximation of this. Laponite also show a aging
effect and structures are broken if they are exposed for high stresses. This
thixotropic behavior is difficult to model but needs to be taken into account
in experiments with laponite [9, 72, 73].
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Chapter 3

Experimental

3.1 The Hele–Shaw cell

The cell was developed through my ninth semester project and during the
master thesis four cells have been used. The parts to the cell was made on
the mechanical workshop at NTNU.

A sketch of the cell is shown in Figure 3.1 and a picture of the cell is shown
in Figure 3.2. Both glass plates are 8 mm thick, the spacer fix the gap to
2.1 mm and the width of the cell/pistons are 100 mm. The gap-width to
cell-width ratio is given by equation (2.34) to be: ε = 2.1/100 = 0.021. The
gap is so small that the flow is assumed to be two-dimensional. The hole in
the middle has a diameter of 5 mm.

The whole cell except the pistons are made of aluminum. The pistons are
made of inox steel and have a height of 2 mm that is smaller than the gap.
To make the cell water-proof it is made four wells at the end of the pistons
and these are filled with joints of Gore-Tex. This could be seen in Figure
3.3. The cell is attached to the rack and the height is adjusted to the motors
and the whole cell is leveled.
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Figure 3.1: Sketch of the Hele-Shaw cell. Here [1] is the holder
that the glass plates and spacer is put into, [2] is the screws that is
used to hold the cell completely together, [3] is rubber to protect
the glass, [4] is the spacer that fix the gap between the plates, [5]
is the glass plates, [6] is the gap where the pistons are inserted
and [7] is the hole to inject clay and air during experiments.
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Figure 3.2: Picture of the Hele-Shaw cell.

Figure 3.3: Sketch of the wells on the pistons that is filled with
joints of Gore-Tex.
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3.2 Preparation of clay samples

The clay mineral used in this thesis is laponite RD and is purchased from
Laporte Ltd [58]. The concentration used is 3.0 wt% laponite and 97 wt%
distilled water or NaCl solution. More about laponite could be found in sec-
tion 2.7.1. All preparation is performed in room-temperature, 23◦ Celsius,
and in a N2 environment inside a glove bag. The laponite is dried in a oven
at 170◦ Celsius for 24 hours before weighted and added bit by bit to the
distilled water or NaCl solution while stirring with an magnetic stirrer. The
laponite clay suspension is stirred for 30 minutes before filtered through a
filter with 0.8 micrometer pore size to make a reproducible initial state with
the laponite uniformly dissolved.

3.3 Experiments in the Hele-Shaw cell

The experiments done during this thesis was performed in the Hele-Shaw
cell shown in Figure 3.2. The pistons can be pulled apart causing a fin-
ger/fracture to develop from the center hole of the cell. The motors that
move the pistons are controlled by the computer software ’Venus1Term’.
This is described in appendix B. Under the cell there is a light source to see
the patterns in the cell better. The light source produce heat and is only
turned on during the experiment to prevent temperature effects.

In this thesis the laponite suspension is studied in the liquid state, through-
out the sol-gel transition and in the solid state. A start distance between
the pistons of 100 mm is used that gives an aspect ratio of 1. Samples is
mixed with distilled water or a NaCl solution with concentration up to 10−2

M. Higher NaCl concentration decreases the gelling time dramatically, but
also make another final arrested state, see the phase diagram in Figure 2.28.

It is important when injecting the clay through the hole to prevent air bub-
bles because this will interact with the finger/fracture. The clay suspension
is left in the cell for a desired amount of time. In the experiment done dur-
ing this master thesis waiting time, τw, from 0 hours up to 606 hours is used.
A camera is used to record the experiment. This is described in appendix C.
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Other parameters that could be changed is the velocity of the pistons and
the ratio and height of the cell. In this thesis this is not considered and
the velocity is held constant at 0.2 mm/s, the aspect ratio (length between
piston/width of cell) have been 1.0 and the height have been 2.1 mm for
all experiments. Some experiments are done using crossed polarizers to
see nematic phases in the clay suspension both before, under and after
the experiment. In addition a few experiment have been done using tracer
particles to see flow in the bulk of the clay.

3.3.1 Experiments with crossed linear polarizer

An overview of the experiment when using crossed linear polarizers is shown
in Figure 3.4. Here unpolarized light is polarized with a linear polarizer and
sent through the sample and then through a second polarizer with principal
axis normal to the first polarizer. If the sample is homogenous no light will
let through the last polarizer, but if the sample contains a nematic phase
the sample will change the polarization and the change will go through the
second polarizer. For more about polarizers see section 2.6.2

Figure 3.4: Overview of the setup using crossed linear polariz-
ers. Here [1] is the initial unpolarized light, [2] is the the linear
polarized light after passed the first polarizer. Here is the sample
inserted, [3] is the light after passing the second linear polarizer
with principal axis normal to the first one. If the sample have not
changed the polarization no light will be let through this polarizer.
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3.3.2 Experiments with crossed circular polarizer

An overview of the experiment when using circular polarized light is shown
in Figure 3.5. The principle is the same as with linear polarizer, but here
circular polarized light is sent through the sample. If the sample is homoge-
nous the polarization will not change and no light will let through the setup.
A nematic phase will change the polarization to some elliptical polarization
that is not blocked by the last linear polarizer.

To produce circular polarized light the light is first let through a linear po-
larizer and then through a quarter-wave plate with principal axis 45◦ to the
polarizer. After going through the sample the light will pass a new quarter-
wave plate that will make circular polarized light into linear polarized light.
Then the light pass through a linear polarizer that will block this light so
only the change in polarization caused by the birefringence of the sample
go through the last polarizer.

The quarter-wave plate only function good in a small range of wavelength of
light and therefore it is used a filter that only let light with wavelength over
600 nm through. The measurement of the quarter-wave plate is showed in
section 4.1.

3.3.3 Experiments with tracer particles

To better understand the movement in the bulk of the sample a few ex-
periments are performed using silver nanoparticles with a size of 20.30 mi-
crometer. The particles are shaken into the sample after filtration with a
concentration of around 1 g/L before filled into the cell. The experiments
are performed without polarizers, but the final state after the experiment is
investigated with crossed polarizers. This is to get a better understanding
of the context between the experiments performed with polarizers.

3.4 Rheology experiments

To check rheological properties of laponite, a Physica MCR300 Rheometer
from Anton Paar is used. A picture of this is shown in Figure 3.6. This
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Figure 3.5: Overview of the setup using circular polarized light.
Here [1] is the initial unpolarized light, [2] is the linear polarized
light after passing the first polarizer. [3] is a quarter-wave plate
with principal axis 45◦ to the first linear polarizer that will make
the light circular polarized. Here is the sample inserted. [4] is the
second quarter-wave plate that will change the polarization back
to linear if the sample have not changed the polarization. [5] is
the light after passing the second linear polarizer with principal
axis 45◦ to the second quarter wave plate. If the sample have not
changed the polarization no light will be let through this polarizer.

rheometer has a Searle measuring system and could be used both in CS and
in CR mode. More about rheometers is found in section 2.1.2.

For experiments performed in the rheometer during this thesis the CR mode
are used with a coaxial setup and oscillatory measurements. The shear
rate is set to 0.5 %, the frequency is set to 0.1 Hz and the experiment is
performed in room temperature, 23◦ Celsius. After the clay is prepared
20 mL is filled into the cylinder and covered with silicon oil to prevent
evaporation. Then the experiment is started after different waiting time to
check if the measurement it self will have influence on the gelling time.
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Figure 3.6: The Physica MCR300 Rheometer. Figure adapted
from [1].
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Chapter 4

Results and discussion

4.1 Optical experiment on quarter-wave plate

With help of an ellipsometer the Mueller matrix of the quarter-wave plate is
measured. The result is shown in Figure 4.1. In section 2.6.2 the theoretical
matrix is found. The critical here is the large deviation in element MM33,
MM34, MM43 and MM44. It is only for high frequencies in the visible range
(red light) that the quarter-wave plate works. For low frequencies (violet
and blue light) it almost works as a half-wave plate and this will give a
large uncertainty if the whole spectrum of light is used. In experiments
performed using the quarter-wave plate the light pas through a filter with
cutoff-frequency 600 nm.

4.2 Experiments done in the Hele-Shaw cell

In this thesis all experiments are performed using 3.0 wt% laponite with
velocity 0.2 mm/s of the pistons, ε = 0.021 and aspect ratio of 1.0. In
each experiment the initial state is a small bubble just outside the hole in
the glass plate. The clay is dissolved in distilled water or a NaCl solution
with concentrations up to 10−2 M and the experiments are performed after
different waiting times up to 606 hours. The only changing parameter is the
NaCl concentration and the waiting time. As these parameters change it is
observed four different patterns of the air bubble; viscous fingers, smooth
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Figure 4.1: Experimental found Mueller matrix of the quarter-
wave plate.

X-shapes, asymmetric and rough shapes and fractures. Each of these are
described in the following sections.

4.2.1 Viscous fingers

Experiments done observing viscous fingering is for low NaCl concentration
and short waiting time. An example with distilled water and waiting time
30 hours is shown in Figure 4.2. Viscous fingers are characterized with
symmetry and have no rough edges. First it develops like a perfect bubble
before it extends in the direction of the pistons and become a elongated
Newtonian finger. This is on a short waiting time before the clay starts to
gel. To have a perfect symmetric shape the cell have to be exactly leveled.

4.2.2 X-shapes

For longer waiting times a symmetric, smooth X-shape develops as seen in
Figure 4.3. This could be linked to the fact that the viscosity of laponite
follows the Herschel-Bulkley fluid model with a shear thinning behavior.
In the start of the experiment the velocity of the finger is largest and the
shear rate is linearly dependent on the finger velocity. According to the
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Figure 4.2: Experiment in Hele-Shaw cell with Cs = 0 and
τw = 30:00 h. The first picture is of the initial condition and then
the pictures are after 6, 15, 30 and 60 seconds.

Herschel-Bulkley fluid model the viscosity is largest during the start of the
experiment and so are the parameter 1/B. This will give a small λ. As
the experiment goes further the velocity of the finger will decrease and the
parameter 1/B will be smaller. This will cause a wider finger. The splitting
at the end could be explained by the boundary condition when the finger
comes closer to the piston.

Figure 4.3: Experiment in Hele-Shaw cell with Cs = 10−3 and
τw = 11:00 h. The picture are after 60 seconds from the start of
the experiment.
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4.2.3 Asymmetric and rough shapes

For even longer waiting times and higher NaCl solution a more asymmetric
and rough shape is observed. For the shortest waiting time the observed
pattern is almost round like a bubble but with some disturbance along the
interface. For longer waiting times the pattern gets more and more rough
along the interface. This is shown in Figure 4.4. These rougher shapes that
are observed is linked to elastic behavior, so the sample is viscoelastic. As
the waiting time increase the pattern gets rougher and rougher.

Figure 4.4: Experiment in Hele-Shaw cell with Cs = 0 and
τw = 66:50 h, τw = 90:00 h and τw = 161:40 h. The picture are
after 60 seconds from the start of the experiment.

4.2.4 Fractures

For high salt concentration and long waiting time fractures are observed.
This is shown in Figure 4.5. Pure elastic behavior is observed and the
sample could be considered to be solid. Ideally the fracture should be
normal to the direction the pistons move, but this is seldom seen. Also
three fractures propagating from the initial bubble are observed. These two
effects is discussed in section 4.7.3.

4.2.5 Phase diagram

The experiment done in this thesis is presented in the phase diagram found
in Figure 4.6. Here the different shapes described over is indicated. Two
lines also separates the liquid behavior, the viscoelastic behavior and the
solid behavior.
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Figure 4.5: Close up of an experiment in Hele-Shaw cell with
Cs = 9.5 · 10−3 and τw = 140:40 h. The picture are after 1 second
from the start of the experiment.

This phase diagram indicating the size of the Deborah number. For the
liquid phase De << 1, for the viscoelastic phase De > 1 and for the solid
phase De >> 1.

4.3 Experiments in Hele-Shaw cell with crossed
polarizers

Crossed polarizers will show if there are alignments that will give birefrin-
gence in the clay. For the different phases described in the previous section
different patterns of birefringence are observed. Birefringence have been
investigated using crossed linear polarizers, with different direction of the
axis, and with circular polarization.

4.3.1 Liquid behavior

In the liquid phase no birefringence is observed in the bulk of the material.
As the finger propagate some birefringence is observed in front of the finger
movement, but disappears. When the finger approach the pistons birefrin-
gence is seen between the finger and the piston. This is shown in Figure
4.7. As the movement stops this birefringence is conserved, but this is not
a stable nematic phase that will be destroyed if applying stress again.

47



4.3. CROSSED POLARIZERS CHAPTER 4. RESULTS

Figure 4.6: Phase diagram for 3 wt% laponite.

Figure 4.7: Experiment in Hele-Shaw cell with Cs = 10−3 and
τw = 10:50 h. The experiment is with linear polarizers in the
liquid phase (shear thinning).
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4.3.2 Solid behavior

Figure 4.5 shows a experiment in the solid phase with circular polarization.
Birefringence is only observed in a small area around the tip of the fracture.
This birefringence will propagate along the fracture tip until the fracture
reach the edge of the cell and disappears.

4.3.3 Viscoelastic behavior

In the viscoelastic phase different behavior is observed from how viscous-like
or solid-like the sample is. In experiments done near the liquid phase, where
the bubble is almost round, the birefringence is seen homogenous all around
the bubble. For experiments done in more elastic clay the birefringence still
is all around the rough bubble, but here patterns that look like fractures
appears in the nematic phase. This is shown in Figure 4.8.

Figure 4.8: Experiment in Hele-Shaw cell with Cs = 10−3 and
τw = 22:50 h, τw = 90:10 h and τw = 146:10 h. The experiment
is with linear polarizers in the viscoelastic phase.

The nematic phase made during experiments in the viscoelastic phase is
concerved still after applying stress by closing the pistons back to the ini-
tial position. If a second experiment is performed in the same clay the
pattern that evolves will follows the ’fractures’ seen through the polarizers.
This ’fractures’ are observed both with linear and circular polarization. An
example of this is shown in Figure 4.9 which show the last frame of an ex-
periment with two different orientations of linear polarization and circular
polarization.
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Figure 4.9: Experiment in Hele-Shaw cell with Cs = 5 · 10−3

and τw = 12:20 h. The first and second picture is with crossed
linear polarizers, with the polarizers principal axis at 90◦ and 45◦
with respect to the direction of the piston movement. The third
picture is shown with circular polarization.

The surface of the glass could have influence on the nematic phase observed.
To get some knowledge of this effect an experiment in the viscoelastic phase
is performed with no hole in the cell and the pistons move in the same
direction, i. e. one piston pull and the other push the clay. The result of
this experiment is shown in Figure 4.10. Here some birefringence is observed
near both pistons but not in the bulk of the clay.

4.4 Experiment in Hele-Shaw cell with tracer par-
ticles

When using crossed polarizers the change in orientation of the clay particles
are observed. To understand this further a few experiments are performed
using silver nanoparticles to investigate flow in the bulk. The experiments
with particles are done around the liquid/viscoelastic transition. Visual
movement near the bubble are observed. Some analysis of this is described
in section 4.6.2.

The particles dissolves easily in the clay solution and sediment in the initial
liquid phase. An experiment with particles is shown in Figure 4.11. The
patterns observed are similar to the patterns seen without particles.
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Figure 4.10: Experiment in Hele-Shaw cell with Cs = 9.5 · 10−3

and τw = 0:30 h. The experiment is with linear polarizers in the
viscoelastic phase and no hole in the cell. The pistons move in the
same direction, i.e. one piston pull and the other push the clay
suspension.

Figure 4.11: Experiment in Hele-Shaw cell with Cs = 10−3 and
τw = 16:10 h, done with 0.7 g/L of silver nanoparticles.
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4.5 Rheology experiments

Experiments in the rheometer is performed with 3 wt% laponite and distilled
water. The different experiments have different waiting times before the
measurements starts to check if the stress induced by the experiment have
influence on the aging of the clay suspension. The experiments are shown
in Figure 4.12 where the complex viscosity is plotted against time.

Figure 4.12: Results from the rheology experiments. Each ex-
periment is with 3 wt% laponite dissolved in distilled water and
with different waiting time before the measurement starts.

The experiments show no consistency and the complex viscosity show the
sol-gel transition to be either at about 5 hours or 25 hours. With so big
difference it is hard to transfer this to the Hele-Shaw cell. The time aspect
in the cell is different from these results with a transition between liquid
and viscoelastic at 33 hours.
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4.6 Analysis

Analysis of the λ parameter and on experiments with tracer particles are
shown in the following sections.

4.6.1 Analysis of λ

The parameter λ =width of finger/w is a important measure in liquid ex-
periments. The time development of λ is found using the MATLAB code
shown in appendix D . An example of this time development is shown in
Figure 4.2. The results found for experiments in the liquid phase is shown
in Figure 4.13.

Figure 4.13: Analysis of λ in the liquid phase.

The λ parameter takes values between 0.47 and 0.61 in these experiments
with different waiting times. It is no consistency between these experi-
ments. The shortest and longest waiting time giving the smallest λ and the
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experiments with waiting times between these gives a higher value of λ.

4.6.2 Analysis of particle experiments

The experiment done with particles is analyzed using dynamic image cor-
relation. A MATLAB script doing for is provided by PhD Baudouin Sain-
tyves. This script check the concentration of particles in different arrays
of one picture and compare this with another picture. The result could be
seen as a vector-plot with the movement of the particles. This is shown in
Figure 4.14.

Figure 4.14: Experiment in Hele-Shaw cell with Cs = 10−3 and
τw = 16:30 h, done with 1.2 g/L of silver nanoparticles. Vector-
plot from the dynamic image correlation indicating the movement
in the bulk.

The direction of the movement is normal to the interface of the bubble with
the largest movement in the direction of the pistons. This is the same as
the expected stress field.

4.7 Discussion

In all experiments performed using crossed polarizers some birefringence are
observed. If the nematic phase align the clay platelets parallel to the glass
plate the change in polarization probably would not be seen. It is then
obvious to think that the observed nematic phase contains clay platelets
that stands normal to the glass surface. As the experiment is performed
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this could be due to that the clay flow over the glass surface. This config-
uration with standing clay platelets will give smallest friction between the
suspension and the glass.

In the start of all experiments polarization is seen all around the initial
bubble. In experiments performed with different linear polarizers we think
that the clay platelets align with the stress field normal to the interface. The
direction of the stress is also confirmed in the experiments done with tracer
particles as the movement is in all direction out from the bubble. This is
also in agreement with the experiment done by Shahin et. al. in 2011 [71].
These findings are general for all the experiments. In the continuation each
of the observed phases are discussed.

4.7.1 Liquid phase

In the liquid phase two different patterns is observed, the X-shape and
viscous fingers. The X-shape is related to the shear thinning behavior of
laponite as described in section 4.2.2. The analysis of λ for the fingers show
no consistency and this could be some complex fluid behavior related to the
thixotropy. Different solutions will age in some way differently although the
overall behavior is similar. It could be some heterogeneous parts in the cell
or other uncertainties like the concentration of clay mineral. This will be
discussed in a later section.

In the liquid phase it would occur a nematic phase between the finger and
the piston as the finger come closer to the piston. This is a boundary effect
and the nematic phase is formed when clay platelets are pulled together
and align with the pistons. For the shear thinning phase this will affect
the pattern and make the X-shape. It is also observed some nematic phase
along the interface of the bubble. The nematic phase that occur in the liq-
uid state is not stable. No bindings is obtained between the clay platelets.

The boundary conditions in the liquid phase is that the clay suspension
have zero velocity at the boundary of the cell. For experiments done with
particles, both experiment in the liquid phase and at the transition to vis-
coelastic phase is performed. In the liquid phase sedimentation in the cell
is observed while at the transition this is not observed. Probably the par-
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ticles sediment in the liquid phase for both but this is not observed for the
viscoelastic phase because of the solid behavior of this. All the particles
will already lay along the bottom glass plate. It could be an idea to use
isodense particles if experiments like these should be performed in future
studies.

Laponite follows Herschel-Bulkley fluid model according to the theory. This
means that it shows shear thinning behavior with a yield stress. The shear
thinning behavior is observed in the liquid state, but no quantitative analy-
sis have been done to check this up to the model. It could be interesting for
future studies to plot λ as a function of the velocity of the finger, u, and try
to approximate the function of this through equation (2.36). As wetting of
the glass surface is observed it would be expected that the effective surface
tension needs to be considered. It would be interesting to see if the function
of α(n), equation (2.38), proposed by Lindner et. al. in 2002 for a shear
thinning Ostwald de Waele fluid (without yield stress) also is valid for the
Herschel-Bulkley fluid model.

4.7.2 Viscoelastic phase

In the viscoelastic phase the sample will show both viscous and elastic be-
havior. For the liquid regime the boundary condition is as mentioned, that
it is zero velocity at the side of the cell. For a solid this boundary velocity
will be the same as the velocity of the pistons. That the observed pattern
is round is a clear sign for viscous behavior.

How viscous or solid the clay is could be measured in a rheometer. The
experiment performed in rheometer during this thesis show large inconsis-
tency. The time scale in the rheology measurement is far from what observed
in the cell. The longest measured sol-gel transition in the rheometer is 25
hours while the first experiment that shows elastic properties in the cell is
for about 33 hours. The reasons for this are different measuring geometries.
It could be worth trying a parallel-plate setup in the rheometer to get more
similar geometries, but this will do it harder to seal it with oil to prevent
evaporation. The sample volume will also be different.

The nematic phase that occur in the viscoelastic phase is similar to the one

56



CHAPTER 4. RESULTS 4.7. DISCUSSION

observed in the liquid phase. The clay platelets will align with the stress
field out from the initial bubble. The difference is that patterns looking
similar to fractures will occur in the nematic phase. These patterns are
dark, both with circular and linear polarizers. This means that there is
no nematic phase along these ’fractures’. The bubble often will propagate
along these ’fractures’ late in the experiment and also if the pistons are
closed and reopened. An explanation of this could be that this is solid be-
havior and that the clay sample prepares actual fractures with aligning the
clay platelets normal to the stress field. This could mean that the sample is
heterogenous and these ’fractures’ indicate the weakest places in the sam-
ple. A heterogenous sample means that the clay platelets have started to
make clusters of different sizes which is expected for laponite.

In the viscoelastic regime the nematic phase that occur is stable and irre-
versible. When the sample is exposed for stress the clay platelets are aligned
with the stress field and this change in orientation is a liquid behavior. The
stability of the nematic phase on the other hand is an elastic property. The
clay platelets is arrested in this state. It could be that the clay also makes
clusters with the overlapping coin configuration as described by Jönsson et.
al. in 2008 [70]. This is the configuration with the minimum energy and is
expected to be stable.

4.7.3 Solid phase

In the solid phase simple plane cracks is expected with the direction normal
to the pistons movement. In a few experiments this is observed, but in most
the fractures leave in different directions and three cracks leaving the initial
bubble are observed. The solid behavior with fractures is observed down
to the concentration 5 · 10−3 M of NaCl. This experiment is after about
600 hours. According to Ruzicka et. al. in 2011 [67] this arrested state is
a gel formed by attractive forces. It is expected a shift in arrested state
at NaCl concentration of 4 · 10−3 M. Under this concentration the solid is
expected to be a glass formed by repulsive forces. It could be interesting
to find this transition with this Hele-Shaw setup. Then several experiment
for smaller concentrations and longer waiting times need to be performed.
It is expected that a repulsive glass will not give fractures.

The formation of a fracture could be dependent on the velocity. In this
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thesis different velocities are not considered. For higher speed the time of
observation is shorter and will give a larger Deborah number and a more
solid response. On the other side laponite is a shear thinning fluid with yield
stress so experiments that is characterized as solid here could have a more
viscous response for higher velocities. Experiments should be performed in
the rheometer to get more knowledge go this behavior.

In some of the solid experiments the first sharp fracture tip widens for later
times. Some birefringence ’fracture’ patterns as described in the viscoelastic
phase also occur. This could be due to bindings between clay platelets is
broken and a more viscous response is seen. A more probable explanation
is that the aging is different near the interface of the bubble than in the
bulk of the sample. This is also observed by Shahin et. al. in 2011 [71].
Experiment observing this could be said to be solid near the interface and
viscoelastic in the bulk which will be on the transition between these two
phases. In experiments for longer waiting times it would be expected to see
solid behavior in the whole sample and experiment on this should be done
in future studies.

The viscoelastic/solid behavior described above could also be explained with
that the sample is heterogenous. When finishing stirring the sample already
have started to be a gel and according to Cummins in 2007 [61] the filtering
will not break up clusters completely. In addition most of these experiments
is for high NaCl concentration near the regime where phase separation is
expected. It could be possible that there is large clusters of clay particles
with viscous regimes inside on a small scale.

4.7.4 Uncertainties

As mentioned in the section above it is observed that the clay gelling under
the preparation. This could give a heterogeneous initial state which could
have influence on the aging of the clay suspension. For low concentration of
NaCl the initial state will be a isotropic fluid. In the experiment done in the
rheometer, distilled water is used and still a large deviation in results are
observed. One explanation could be uncertainties in the clay concentration.
The clay mineral is heated in an oven before inserted into a glove bag with
N2 environment. This is to prevent water to intercalate into the clay. It is
reported by Ruzicka et. al. in 2004 [65] that laponite powder can contain

58



CHAPTER 4. RESULTS 4.7. DISCUSSION

up to 20 wt% of water. It is important that the dry powder is kept in an at-
mosphere without humidity. The humidity is not measured inside the glove
bag so this could give a large uncertainty of the actual concentration of clay
mineral. A change in concentration of clay mineral will have a large impact
on the gelling time. This could be the explanation of the inconsistency of
the λ parameter as well.

In this thesis the parameter NaCl concentration and waiting time have been
considered. Other factors could have a large impact on the sample and needs
to be investigated in future studies. The clay concentration has, as men-
tioned above, a large influence on the gelling time. Other parameters are
the velocity of the pistons, aspect ratio of the cell, width of the cell, hight
of the cell and the initial bubble in the cell. Changing these parameters
could give even more information about the boundary conditions and the
complex behavior of laponite.

Another factor that could have influence on the patterns and the formation
of a nematic phase are roughness on the glass plates. It could be due to
contamination or scratches at the surface. This is very hard to control but
it needs to be considered as a source of error.
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Conclusion and future studies

5.1 Conclusion

In experiments performed during this thesis 3.0 wt% of laponite have been
used and investigated with different concentrations of NaCl and different
waiting times. Experiments have been performed in a Hele-Shaw cell and
additional experiments in a rheometer. In the Hele-Shaw cell experiments
have been done on the patterns in the cell and nematic phases have been
investigated using different crossed polarizers. A few experiment were also
performed using tracer particles.

A large range in time and concentration have been investigated and three
different phases have been observed. The fluid phase, the viscoelastic phase
and the solid phase. The experiments are summarized in the phase diagram
shown in Figure 4.6. In the fluid phase the experiments are reversible and
there is not found a stable change in the organization of clay particles. Both
viscous fingers and shear thinning behavior is observed in this phase.

In the viscoelastic phase the sample shows both viscous and elastic proper-
ties. The viscous behavior is the overall round pattern and the formation of
a nematic phase. Elastic properties is the roughness of the observed shape,
the stability of the nematic phase and the observed ’fracture’ patterns in
the nematic phase. Such ’fracture’ patterns are preparation for fractures to
propagate there, with alignment of the clay platelets normal to the stress
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field.

In the solid phase almost no nematic phase is observed and the pattern
consist sharp fractures penetrating the sample. The aging effect and the
concentration of NaCl have a large impact on laponite as seen in the phase
diagram. Different aging near the interface and in the bulk are observed.
In addition large inconsistency is observed in the rheological measurement
and in the analysis of the λ parameter. This could be due to uncertainties
originating from the sample preparations and the concentration of laponite.

One conclusion to this thesis is that this is a new way to dynamically de-
termine rheological properties related to the complex behavior of laponite
and to better understand flow in complex fluids.

5.2 Future studies

In this thesis a large range in waiting time and NaCl concentration is con-
sidered. In future studies it could be interesting to perform experiments
in a smaller range of these parameters and also to change other possible
parameters such as the aspect ratio, hight of the cell and the velocity of the
pistons. With many experiments with similar parameters a more precise
analysis could be carried out. Especially experiments around the transitions
between the phases fluid/viscoelastic and viscoelastic/solid are interesting.

In future studies the protocol of making clay sol/gels must be held strict
to avoid humidity in the atmosphere containing the clay. It could be inter-
esting to check if adjusting the pH will have any effect on the aging time.
Experiments in a rheometer with parallel-plate setup should be performed
because this is more similar the geometry in the Hele-Shaw cell than the
coaxial cell geometry used here.

Analysis of λ as a function of the finger velocity could give information
about the shear thinning behavior of laponite in the experiments with this
behavior. It also could be interesting to analyze the finger/fracture velocity
and changing different parameters in the experiment. If a more quantitative
analysis is carried out it could be possible to check if it is in accordance with
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different rheological models, like the Herschel-Bulkley fluid model.

Another idea is to investigate different clay systems to see if similar ef-
fects are observed. Bentonite for example have a similar phase diagram as
laponite, but have much larger diameter of the clay platelets [74]. Other
swelling clay minerals could be interesting to investigate as well.
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Appendix A

Notation used in this report

B or B Magnetic field T
1/B 12ηuw2/σb2 1
b Width of gap in cell m
Cs Concentration of NaCl M
Cw Weight percent %
c Speed of light = 3.00 · 108 m/s
cR Rayleigh wave speed m/s
Ca Capillary number = ηu/σ 1
De Deborah number 1
E or E Electric field N/C
E Young’s modulus Pa
Fij Universal function 1
G Shear modulus Pa
G′ Storage modulus Pa
G′′ Loss modulus Pa
G Mechanical energy released per unit area J/m2

I Electrolyte concentration mol/L
J Volume current density A/m2

K Stress intensity factor N/m3/2

k Permeability m2

k Wavenumber 1/m
n Nematic director 1
n Index of refraction 1
p Pressure Pa
r Distance from the crack tip m
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S2 Nematic order parameter 1
t Time s
tw Waiting time s
T Temperature K
u Finger-velocity m/s
v Fracture-velocity m/s
w Width of cell m
x Direction parallel to finger movement m
y Direction parallel to width of cell m
Γ Fracture energy J/m2

γ or γ Shear strain 1
γ̇ or γ̇ Shear rate 1/s
ε Width of gap/width of cell ratio = b/w 1
ε Permittivity C2/Nm2

ε0 Permittivity of free space = 8.85 · 10−12 C2/Nm2

η Viscosity Pa·s
η∗ Complex viscosity Pa·s
θ Angel with respect to crack rad
λ Relativ width of finger, (finger width)/w 1
µ Mobility s/kg
µ Permeability N/A2

µ0 Permeability of free space = 4π · 10−7 N/A2

ν Poisson ratio 1
ρ Density kg/m3

ρ Current density C/m3

σ Surface tension N/m or Pa·m
σ or σ Shear stress Pa
σ0 Threshold stress Pa
τK Retardation time = η/G s
τM Relaxation time s
τw Waiting time s
φ Velocity potential m2/s
ω Angular frequency 1/s
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Motor settings

The motor used in this experiment is ’Translation Stage VT-80 2Phase-041’
from PI miCos GmbH with the travel range 50 mm. The velocity range is
from 0.001 mm/s to 20 mm/s and the maximum drag force is 50 N [75].
To control the motors the software Venus1Term is used and an overview of
this is shown in Figure B.1.

To connect the motors press the menu ’Communication’ and then ’Con-
nect’. Axis 1 and 2 is each of the motors as shown in Figure B.1. That
this is green shows that the motor is ok. The number over each axis show
what position each motor have. To push the motors completely together
the button at the left ’cal’ is used. This will also set this position to zero.
Where the zero position is could manually be set with the ’« 0 »’ button.
To find the range of the motors the button ’rm’ could be pressed. This will
pull the motors maximum apart. To come back to the zero position the
’home’ button can be pushed.

During experiments the velocity and the acceleration is set under ’Config’
menu and then ’Dynamic-Parameters’. The motor is set to the zero position
and how long the motors should be pulled apart is set in the number under
axis 1 and 2. Then the button ’move abs’ is used to move the motors to
the absolute value indicated or the button ’move relative’ is used to pull
the piston relative from the start position.
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Figure B.1: An overview of the software Venus1Term used to
control the motors.
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Camera settings

C.1 Prosilica GX 1050

One camera used is a Prosilica GX 1050 from Allied Vision Technologies.
According to the manufacturer, the resolution is 1024x1024, the max frame
rate at full resolution is 112 fps and the exposure time could be between
10 µs and 60 s [76]. The program ’Measurements & Automation’ is used to
change the configuration. The camera is found under ’Devices and Inter-
faces’, then ’NI-IMAQdx Devices’ and then ’cam0: Allied Vision Technolo-
gies GX1050 (02-2400B)’. Then all the configurations could be set. In this
thesis a frame rate of 30 fps is used. This could be set under ’Acquisition’
and then ’AcquisitionFrameCount’. ’AquistionMode’ is set to ’continuous’
and this means that the camera needs to be stopped manually after started.

The exposure time is set under ’Exposure’ and then ’ExposureTimeAbs’.
The exposure time used in the experiments performed during this thesis is
1084 µs. Gain is set to 0 under ’Gain’ and then ’GainRaw’. The gain needs
to be matched with the exposure time. In general the gain should be as
small as possible because the noise also will be gained. For short exposure
time the light let into the camera is so little that it could be smart to use
gain, but for longer exposure time the gain could be set to zero to prevent
noise.

The resolution could be set under ’ImageFormat’ and is set to the maximum
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value 1024 in both direction. An overview of the program is shown in Figure
C.1. [1]

Appendix A. Camera settings

Figure A.1: A picture of the program Measurements & Automation, used to
change the camera settings.
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Figure C.1: Overview of the program ’Measurement & Au-
tomation’ used to change the parameters on the camera. Figure
adapted from [1].

The camera is controlled in the software labVIEW . Here the file ’GrabAvi.vi’
is used. The block diagram from this file is shown in Figure C.2. In the
program the camera name must be set to ’cam0’ and then ’run’ is pressed
to start recording. Then the program will ask you to define the filename
and where to put the file. When this is given the recording starts and run
until ’stop’ is pushed. Then the program saves the movie as an avi-file [1].
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Appendix A. Camera settings

Figure A.2: A picture of the labVIEW code to control the camera.
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Figure C.2: Overview of the block diagram in labVIEW used to
control the camera. Figure and program adapted from [1].
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C.2 Canon EOS 600D

To see the birefringence better another camera is used to record the movies
when using crossed polarizers. This is a Canon EOS 600D SLR camera
with a resolution of 1920x1080 pixels and a frame rate of 25 fps using this
resolution [77]. To control the camera from the PC the software following
the camera, ’EOS Utility’, is used.

After connecting the camera the software is started and ’Camera settings/Remote
shooting’ is chosen. Then ’Live view show’ is pressed and the software win-
dow will look like Figure C.3. A live view of the camera appears. Then the
manual zoom on the camera is set, and the auto focus is used to focus on
the clay inside the cell. After that the camera is set to manually to remain
the same setting under each recording. If the focus is not good this could be
tuned in the software. To start recording the record button (with filled red
circle) is pressed. The camera save the movie as an mov-file on the memory
card. When the ’live view show’ is closed the software ask you to download
it to your computer.

Figure C.3: Overview of the EOS Utility software used to control
the Canon EOS600D camera.
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MATLAB code

D.1 Code for finding λ

For the liquid phase the λ parameter is an important measure. To find
this the movies recorded of the experiment is analysed to find the time
development of λ. Going through every frame of the movie is done using
the code shown here.
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Poster from international
workshop in Lofoten

At a international workshop on ’Soft matter physics and complex flows’ in
Lofoten May 22.-25. 2012 Phd Baudouin Saintyves presented some of the
results found in this master thesis on a poster. The poster is seen on the
next page.
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FINGERING INSTABILITIES IN COMPLEX 
FLUIDS AND SOLIDS

,j

EXPERIMENTS

OBSERVATIONS AND RESULTS

 @  SPHYNX

PERSPECTIVES

IN A PURELY ELASTIC MATERIAL (POLYACRYLAMIDE)

FROM LIQUID TO SOLIDIn Maxwell Fluids In laponite, from bubble
to cracks

In collaboration with Kristian Hox and Jon Otto Fossum, NTNUIn collaboration with Serge Mora, LCVN, Université Montpelier 2

- Reversible        elastic
- Hysteretic
- 4 stage phenomenon

Classical Hele-Shaw cell Original design for displacement control

W=L=100mm   b=2.1mm

Control
parameter :

b=0.5     5mm

Sample
radius: 80mm

Shear modulus dependence?

An elastic instability? Thickness profile determined by light
absorption

- No dependence of the critical strain
- No significant dependence of the number of
fingers

Baudouin Saintyves,
Olivier Dauchot, Elisabeth Bouchaud

Growth of the
finger with time

Confinement effect

- Non linear relation
between width of finger
l and gap size b
- Non linear relation
between the inverse
number of fingers and b

direction of pistons motion
for all these pictures

- Theoretical work and comparison with previous
work on bending instabilities (see Mahadevan et
al. (2012), Djondjorov et al.(2011)) - Image correlation analysis: particles in Laponite

- Pressure gradient dependence
- Characterisation of the VE regime in Maxwell fluids

Liquid / VE regime? Solid regime

Control
parameter:

Vp=5mm/s

Recession
in the

vicinity of
the finger

l

R
elative G

el thickness

1
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0

0.25

0.5

G=140 Pa

G=650 Pa

G=1060 Pa
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