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Introduction

Colloidal suspensions form an integral part of our daily life starting from human
body fluids, to paint, pharmaceutical, food, printing, and many other industrial
applications. Colloidal particles are constituted of large-sized molecules that can
range from a few nanometers to a few microns in size. When mixed with a suitable
solvent, particles that are of the order of a few nm may mix so homogeneously as
to be totally invisible to the naked eye - these are referred to as colloidal solutions.
However, if the particles are greater than 1000nm in size, they may be seen as finely
suspended in the host solvent and are referred to as colloidal suspensions. Hence the
difference between a colloidal solution and a colloidal suspension is determined by
the size of the colloidal particle itself. Examples of colloidal suspensions are slurries
of clay, while teard-rops, serum and blood are examples of colloidal solutions. The
point of interest in my thesis starts from the study of patterns of the particles that
are left behind on substrates when colloidal solutions or colloidal suspensions are left
to dry. Even under normal ambient conditions, the desiccation patterns observed
can be varied in their geometry of crystal aggregation and deposition pattern. The
patterns can form as uniform layers or deposit as concentric rings or can have a wrin-

kled look, form blisters, and even cracks. The deposition layer may not have uniform
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thickness, cracks can be isolated or form a crack network having a particular pre-
ferred geometry. Over the last three decades, there has been tremendous research
in an effort to understand the fundamental principles responsible for desiccation
patterns. Principles of fluid dynamics and mass transfer processes along with ther-
modynamics and rheological properties have been used in tandem to understand the
complex dynamic processes responsible for pattern formation by desiccating colloidal
suspensions. Much modelling and simulation has been done based on experimental
and theoretical understanding of the effect of parameters that affect the patterns.
As colloidal particles develop surface charges in solution, the role of external electric
[1], [2] and magnetic fields [3] on the drying colloidal solutions has been studied.
The colloidal solutions showed crack patterns on the desiccation residue that have
a clear correlation to the applied field [4], [5]. Mechanical stirring of the solution
in a specific direction has been shown to affect desiccation crack patterns on dried
colloidal films. The size and shape of colloidal particles [6], and the wetting and
spreading properties of the colloidal solution on a substrate have all left their mark
on the patterns. However, one of the lesser-studied aspects has been the role of

solution pH on the desiccation pattern of drying colloidal solutions.

In this thesis, I have studied the effect of pH in aqueous Laponite suspension by vary-
ing its pH from acidic to the basic range. As desiccation dynamics is very dependent
on the interface curvature, I have experimentally investigated the effect of varying
pH on two different geometries of the interface of aqueous Laponite suspension: (1)
a desiccating droplet and (2) desiccating film. In planar geometry, even though
the evaporation flux is uniform across the interface, intricate crack patterns were
observed that varied distinctively with the solution pH. In a droplet geometry, the
interface curvature complicates matters further by introducing a non-uniform evap-
oration flux along the interface. This creates complex mass transfer processes driven
by gradients of concentration, surface tension, and temperature. I have exposed the
importance of aqueous solution preparation protocol and its profound influence on

final desiccation patterns, especially, in the case of drying droplets. Lastly, as an

2
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application of the role of pH in the desiccating film of aqueous solutions of Laponite,
I have reported a novel technique of preparing economically viable Transparent Con-
ducting Sheet (TCS) by modulating the pH of the aqueous Laponite suspension. I
have demonstrated that the pH-modulated crack network can be tailored to obtain

TCSs of different conductivities and optical properties.

In the following sections, I shall briefly discuss some essential material properties,
and review our understanding of fluid flow in colloidal solutions due to differential
evaporation flux across the interface and elements of fracture physics that shall be

encountered quite often in the study.

The study of the physics of fracture and droplet evaporation has captured the interest
of the research community over the last few decades. As cracks occur frequently
in the desiccation pattern of colloidal solutions, understanding crack physics was
important. As mentioned earlier, the difference in the radius of curvature of the
interface of a colloidal film and a colloidal droplet affects the drying dynamics of a
colloidal solution profoundly, it was important to understand the physics of droplet
drying and its connection to pattern formation. Droplet physics and desiccation
crack patterns are significantly different in the geometry of their exposed surface.
My own interest in the physics of droplet drying dynamics was stimulated by the
varied spreading and wetting properties of different solutions on different substrates
[7]. The famous ‘Coffee Ring Effect’ [8] explained by Prof. Deegan and his group
impressed me with the interplay of simple physics and complex coupled dynamics
in a micron-sized system. Today sessile droplet and their evaporation have become
an active area of research because of their great impact on our daily life, to name a

few - printing technology, medical diagnosis, etc.

In our surroundings, we notice cracks or fractures in many things. Normally crack
causes difficulties. In drying colloidal solutions cracks may also appear due to ex-

ternal effects like electric field [1], [2], magnetic effect [3], different mechanical me-

chanical energy like vibration, rotation, and oscillation [4], [5]. The mode by which

3
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residues of drying colloidal solutions crack may be different and is guided by the
method of strain accumulation in a material. Thus an understanding of the physics
of fracture was important to me. Today apart from the academic interest, the study
of desiccation crack patterns is a very useful topic to research because of its many

applications in our everyday life [9].

1.1 Introduction to colloidal suspension

Most of the part of this dissertation is concerned with the colloidal suspension of
a synthetic clay. So, we start with the general idea of the colloidal suspension.
To know about the colloidal suspension, we need to know about the solution and
suspension. One way to identify a solution is by the rule that a solution is a mixture
of a solute in a solvent where the state of the mixture is determined by the bigger
bulk of the two components, usually the solvent. For example, if we add some sugar
to water then the sugar is completely dissolved into water and the state of water
determines the state of the solution. The size of the particles in the solution is less
than 1nm. Unlike the solution, a suspension is a heterogenous mixture in which the
solid particles are distributed through the bulk material, usually solvent. The size
of the particles in suspension is greater than 1000nm and most of the particles can
be seen with the naked eye. Due to the large size of the particles it sediments with
time and the mixture is therefore unstable over a long time. The solute particles can

then be filtered in time. For example, sand in water is an example of suspension.

Colloidal particles usually form suspensions. However, a colloidal suspension is a
heterogenous mixture that follows the properties intermediate to those of solution
and suspension. Particle size distribution is between 1nm to 1000nm. Some of the
colloidal solutions may look like a true solution with the naked eye but if we see

it under a microscope, it is observed to be heterogenous in nature. Particles in
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the colloid can be solid, liquid, or gas and particles are suspended in the continu-
ous medium. Hot chocolate is a colloidal suspension. In human blood, red blood
corpuscle, white blood corpuscle, and lymphocytes are suspended in plasma which
is a perfect example of colloidal suspension (solid particles in liquid phase). Body
spray (liquid particles suspended in air), and butter (solids are suspended in a solid

medium) are also colloidal suspensions.

Another method to distinguish between solution, suspensions and colloidal suspen-
sions is to study the Tyndal Effect of light through the mixture. Light through
the true solution passes without any affect. If we pass light through the colloidal
solution, light gets scattered whereas the light through the suspension gets reflected.

1.2 Introduction to Laponite clay

A major part of the experiments of this dissertation was performed with an aque-
ous colloidal suspension of Laponite clay. Laponite is a synthetic clay belonging
to the hectorite family. It is available in a dry powder state with white colour.
The primary particles of Laponite are disk-shaped with a diameter of ~ 25-30 nm
and thickness ~ 0.92 nm. The chemical formula of this particle in dry state is

Nag7SisM g5.5Lio 3020 (OH ).

Any synthetic clay is formed with a tetrahedral layer of silica and an octahedral layer
of magnesia (or aluminium). One Laponite particle consists of two tetrahedral silica
layers and one octahedral magnesia layer. H. van Olphen [10] describes the basic
structure of Laponite as described below. Silicon atom is present at the centroid of
the tetrahedron while the four corner points are occupied by four different oxygen
atoms as shown in Fig.1.1 . Among the four oxygen atoms of the tetrahedron three
oxygen atoms are shared by the three nearest neighbour tetrahedron and the rest

oxygen atom is shared by the octahedral magnesia sheet as shown in Fig.1.2.
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Figure 1.1: The schematic diagram of tetrahedal sheet and octahedral sheet of
Laponite particle.

In an octahedral magnesia sheet the six corner points are occupied by oxygen atom
or hydroxyl (OH) group. In an octahedron, these oxygen atoms and OH groups
form two parallel planes and the magnesium ion is located at the centroid of the
octahedron as shown in Fig.1.1. Depending on the shearing method of the sheets
the synthetic clay can be classified into different groups. Amongst them, Laponite
is a 2:1 layer silicate synthetic clay. In the dry state, a Laponite particle is formed
by one octahedral magnesia sheet sandwiched between two tetrahedral silica sheets.
The unit cell of the Laponite atom is shown in Fig.1.2. One layer of the particle is

formed with thousands of such unit cells.

1.3 Charge distribution of a Laponite particle

In order to understand the role of pH in desiccation of aqueous Laponite we should
have clear knowledge about the behavior of Laponite particle in aqueous medium.
Laponite is a disk-shaped particle having one octahedral magnesia layer sandwiched

by two tetrahedral silica layers on either side. In general, a higher valence atom

6



Chapter 1 Introduction

Tetrahedral
©0 © 00 o |ahdn
V= S SN\ ~ | sheet
¢ L & \
°° o o © o o © F
|
@OH @ & o o — &
. , 2
® Si I8
o 0 ©® © o ®. 8
® Al
® A P »
d </ T~ [Tetrahedral
o0 [+ o0

sheet

Figure 1.2: The schematic diagram of atomic arrangement of Laponite particle.

is replaced by a lower valence atom for most of the clay and this substitution is
called isomorphic substitution. This isomorphic substitution of atoms into the clay
structure turns the sample negatively charged. For example in the case of Laponite
in the octahedral layer, some of the magnesium ions are substituted by lithium ions
by isomorphic substitution creating a deficiency of positive charge. Similarly, the Si
atom is present at the centroid of the tetrahedron and it is substituted by the Al
atom, which creates a surplus of electrons and turns the particle negatively charged.
Consequently, the opposite faces of particles have surplus electrons that they share
with the sodium atoms and make the clay negatively charged. Nature of charge
of Laponite particles in the edge surfaces and faces is governed by the pH of the

solution strongly.
Definition of pH

pH scale (ranges from 0-14) is a tool to measure acids and bases. The mathematical
definition is more useful in general. If [H"] is defined as the H* concentration in

moles per litre then its negative logarithmic is called the pH (power of hydrogen ion)
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of the solution.

pH = —logio10[H "]

Litmus paper is the indicator to identify whether a substance is an acid or base.
Whether the blue litmus paper turns to red in acidic medium, the red litmus paper
turns to blue in alkaline medium. The strength of an acid or base depends on the
concentration of H* or (OH)~ ions. pH 7 is neutral and below pH 7, the substance
is acidic and acidity decreases with an increase in the pH value from 0 to 7. pH

above 7 is basic and basic nature increases with increasing pH from 7 to 14.
Charge on the face surface of the Laponite particle

In most cases, clay minerals are neutral. The clay remains neutral because of its
adsorption of cations like Nat, K+, Ca?*, etc from the atmosphere during manufac-
turing by Laponite faces and neutralizes the negative charges. These cations cannot
enter into the clay due to their bulk size and reside on the surface of the clay. When
Laponite is dissolved into water the cations are diffused into the sample because
of its low concentration and cations are free to move in the sample and a negative
layer is formed on the surface. On the other side, there is an electrostatic attraction
force between these negative faces and cations. These cations are attracted to the
surface due to electrostatic attraction to form a cloud layer of cations. So, there are
completely opposite trends of compensating cations that form a cloud in a diffuse
layer at the exterior of the surface of the layer of Laponite which is known as Dou-
ble Layer. The compensation cations act as counter ions having exchange capacity
which is the most important feature of the clay. Due to the formation of this type of
Double Layer and exchange capacity of the cations the faces of the Laponite particles
show negatively charged. We will discuss how the double layer is formed and the

way it exchanges its nature of charge.

Charge on the edge surface of the Laponite



Chapter 1 Introduction

The double layer of the edge face is also important in many aspects. For example, the
desiccation crack patterns change their nature with pH which actually depends on
the nature of the charges of the edge surface [11]. At the edge of a Laponite particle,
the surface of the Si and Al are exposed because the primary bonds are broken [12].
The charge of the double-layer surface of the edge faces is dependent on the pH of
the solution. The edge surface of Laponite creates a positive double layer when the
solution is acidic and Mg** acts as a potential determining ion. Similarly, the edge
surface of the Laponite creates a negative double layer in an alkaline solution and
hydroxyl ion acts as potential determining ions. It must be noted that the point of
zero charge is not necessarily at neutral pH. The Iso Electric Point (IEP) for the
crystal of M g** (potential determining ion) is at pH 12.5 while that of the Si crystal
is around at pH 2 [12]. So, the point of zero charges is at pH 12.5, and below this pH,
the edges of Laponite where the MgOH crystal is located are expected to possess
a positive charge, and above this pH, it is expected negative charges. Roughly
we can say that the edge of the Laponite particle forms a positive double layer in
acidic medium and M g?* ions act as a potential determining ion and it possesses a
negative double layer in an alkaline medium and hydroxyl ion acts as a potential-
determining ion. The ionized state of the colloidal laponite solution is responsible
for the electrostatic forces that exist between the particles. This, in turn, determines
the morphology of the sol or gel state, swelling behaviour, rheological properties like
viscosity and elastic modulus, electrokinetic response to external electric or magnetic

fields, and eventually their cracking patterns upon desiccation.

1.4 Patterns depend on interface geometry

Liquid possesses some extra ordinary properties. For example, sometimes they beat
the gravitational force or they can rise up in a capillary tube with a very small
diameter. Various patterns are left by a liquid droplet on different substrates for

various types of solutions or suspensions. The dynamics of drying on a surface for

9



Chapter 1 Introduction

K-1

Figure 1.3: Increasing size of the droplet. Curved surface changes to the flat-
tened surface with increase in size.

any liquid strongly depends on the size of the deposited. If the size of the deposited
is very small, gravitational effect is not considerable to the drying dynamics. So,
there is a characteristic length namely capillary length, denoted by inverse of k. The
mathematical formula for capillary length can be derived using Laplace pressure and

hydrostatic pressure and is given by

where v is the surface tension and p is the density of the liquid.

Depending upon the radius of the deposit, the geometry of the exposed surface is
changed from a curved to a uniform flat surface as shown in Fig.1.3. Hence, we have
focused our investigation on two different regimes. If the size of the deposited is so

small that r < k1

, where r is the radius of the deposited liquid then we consider
it as a droplet and the liquid is in an environment where there is no gravitational
effect. In this case, the capillary effect dominates over the gravitational effect. This
geometry of the curvature creates complex mass transfer processes driven by the
gradient of concentration or thermal or surface tension. We will discuss later how

these factors affect the dynamics of droplet evaporation and hence left interesting

patterns after complete drying.

Another aspect is when the radius of the deposited is greater than the capillary

length i.e. r > k! then the gravitational effect comes into consideration. In this
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case, a major portion of the exposed surface is flattened and drying dynamics are
completely different. So, the study of the patterns formation and evaporation dy-
namics of the film is the second part of our study. Mainly we have studied the crack
pattern of colloidal suspension changing different parameters. We will discuss the

factors which control the desiccation patterns after complete drying.

1.5 Concepts of Fracture mechanics

The study of the crack pattern is a very active and interesting research area for the
last few decades not only for academic purposes but also because of its profound
implication in our daily life [9]. From cosmetics and pharmaceuticals, printing and
paint, to medical diagnostics and the cement industry, crack patterns provide an in-
sight into the composition of the colloidal solution, fundamental principles of mass
transfer that dictate flow patterns during drying, and rheological changes that occur
in the solution with drying. In most cases, crack is problematic in our life. Colloidal
films or paintings has leaning towards cracking during drying. Colloidal films are
used in ink-jet printing as a coating on papers and the formation of cracks is unde-
sired in these cases. The study of crack patterns can guide us to prevent undesired

cracks and therefore invited a lot of research [13] in this field.

In recent times researchers are interested in making useful applications of crack
patterns. Crack patterns of different colloidal films can be controlled and tailored
to design fantastic designs on a coating of paint, on wooden furniture, on metal
surfaces, and used to provide templates for producing transparent conducting films
[14] and other nanodevices. Crack patterns of drying droplets of blood or blood

serum are used in the diagnosis of different diseases in pathological laboratories [15].

The wide application of cracks in our life makes it a serious topic of research among
researchers. In research, synthetic clay such as Laponite and Bentonite are often

used for their known structure and purity of compositions. One of the most common
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synthetic clay in the research area is Laponite clay which belongs to the hectorite
family. It possesses very interesting phase changes in different cases. The previous
studies which were done by various research groups show us there are many phase
determinations factors of aqueous Laponite suspension with respect to salt concen-
trations [16], pH [17], aging effects [18] etc., we have seen the absence of attention
to link the role of pH and particle concentration to the desiccation crack patterns

or in evaporation of sessile droplet.

The fracture of a solid takes place in different forms like buckling of matter, defor-
mation of a substance, or fracture of a solid. Here we are interested in a fracture of
a substance. Fracture mechanics is mainly studied as an engineering subject dealing
with the reason for a crack and various criteria of cracks and the dynamics of crack
propagation. There are two basic criteria of happening crack in a matter. One of
them is the local approach namely “crack tip stress filed” and another one is the

global approach namely the “energy balance approach”.
Crack tip stress and its critical value

Irwin [19] established the criteria of critical value of stress. In this approach stress
at the crack tip varies according to r~/2, where r is the distance from the tip. There
is a singularity problem at the tip where, »r = 0 and due to this situation stress field
criteria are not applicable at the tip. Irwin accepts this singularity and resolved the
fact by proposing that stress at the tip cannot exceed a certain stress value and this
limiting value is yield stress or cohesive force between the atoms of a material.
He studied the stress near the tip of a crack of a linear elastic body and gave a
criterion for the crack of a solid. According to this criteria, fracture growth happens

when the stress intensity factor (K7) reaches a critical value (K.) i.e.

KI = ch

. Where K, is called ’fracture toughness’ and it can be measured experimentally

for any material. All the analysis done by Irwin based on linear elasticity and stress
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Figure 1.4: Schematic diagram of three different fracture modes.

intensity factor is well defined in this study. There is a limitation in this study that

the real fracture mechanics can not be explained by linear elasticity theory.

1.5.1 Basic modes of fracture and stress intensity factor

The stress field around a crack tip is the reason for the brittle fracture of a solid.
So, the study of the stress field is a very important factor for the analysis of brittle
fracture and the method of the elasticity is the key to studying the stress field. A
crack body is actually two faces material. These two faces lie in the same plane
before deformation. When the crack body is subjected to external forces, these two
faces move with respect to each other. Depending on the forces, the movement of

lower and upper faces are different.

Total fundamental classical modes are classified by Irwin into three different modes.
These fundamental modes are called MI, MII, and MIII. Al the cracks that happen

in nature can be described by one of these modes or combinations of these modes.
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Mode I: It is known as the ‘opening mode’ of fracture. In this mode, the crack
surfaces depart from each other symmetrically as seen from the undeformed plane
as shown in Fig.1.4. A tensile stress which acts normally to the plane of the crack
is responsible for this mode of fracture.

Mode II: This type of fracture mode is known as ’sliding mode’. In this mode, shear
stress is acting parallel to the crack surface and perpendicular to the crack front. In
this mode, the crack surfaces slide along the stress applied and perpendicular to the
crack front as shown in Fig.1.4

Mode III: The last mode is Mode III which is known as ’tearing mode’. A shear
stress which is parallel to the plane of the crack surface and perpendicular to the
crack front is responsible for this fracture mode. In this case, the plane moves along

the crack surface plane as shown in Fig.1.4.

1.6 The Griffith Theory

Theoretical strength

The theoretical strength of a solid is defined as the required stress to fracture a
perfect crystal by breaking its bond along the fractured surface. It can be calculated
in two different ways. One of them is considering the atomistic model. If aq is the
atomic separation of a solid and if ¢ is the force required to separate the atoms at
a distance ‘a’; a > ag then the value of ¢ depends on the bonding force of the solid

[20]. If Y is the elastic modulus of the solid then,

where o, is the theoretical strength. Theoretical strength can also be calculated

using surface energy consideration in addition to the atomistic model. In this model
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critical value of theoretical strength (o) is

Y
Oc= —=

10

Practically it is seen that commercially produced materials can be fractured by
applying stress value 10-100 times below the theoretical strength value. This type

of discrepancy is seen due to the existence of grain boundaries in polycrystalline.
Griffith Energy balance theory of Fracture Mechanics

Griffith was motivated by the discrepancy between theoretical strength and practical
strength value and worked on brittle glass. In order to resolve this discrepancy,
Griffith argued that in the fracture process of the matter, the weakness of the matter
dominates over the strength of a matter. In real cases, glass shows more complex
fracture behavior containing numerous microcracks which were simplified during
the calculation of theoretical strength value using cohesive strength. In this work,
Griffith assumed that a bulk glass material composes of a huge number of flaws that
acts as stress concentration generators. This approach composed of ‘energy release’

started the revolutionary journey of fracture mechanics.

Griffith argued that a continuous propagation of cracks in any material must be
associated with a decrease in the strain energy of the materials. Consider a material
with crack extension da and due to this crack, the increase in energy regarding this
crack is dE. When a crack is propagating in the material and a new surface is
generated, consider the energy associated with the new surface to be dFE,. Griffith
suggested that a crack can only propagate when the energy related to the extension
of crack dF is greater than or equal to energy related to new surface generated dF,
[20]. That is,
dE > dE;

This equal sign suggests the critical value for the propagation of cracks in any ma-

terial. Surface energy can be calculated if the surface energy density v is given. If
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the crack length is 2a then the surface energy required to create a new surface is

Es =2(2a)y

The extra 2 factor comes due to the fact that, when a crack propagates, two new
surfaces are generated. Griffith used Inglis’ [21] solution to obtain critical strength
value and showed that this critical value is much less than the theoretical strength
value and he was able to explain qualitatively the reason behind the lower value of

actual strength compared to theoretical strength value.
Relation amongst the different energies

The Griffith theory for perfectly brittle matter is established on the basic principle
of energy conservation. During crack propagation, let da be the crack extension and
dE. be the work done due to external force. Due to crack propagation, the new

surface is generated and dF is the increase in energy due to surface increment, then

dEs +dU = dE.

where dU is the increment of strain energy. For the conservative force field, the

above expression can be written as

d(Es+U+V)/da=0

where V is the total potential corresponding to the external applied force. When

dV is negative, work done is positive and dW is work done by external forces.

1.7 Formation of desiccation crack

Desiccation crack is a very common problem in many aspects of nature. Most of the

crack patterns in desiccation are composed of two types of crack geometry; cracks
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meet either at "I junctions or at 'Y junctions.” [22]. In the orthogonal crack,
cracks meet with each other at right angles. Primary cracks make the soil into some
blocks of soil and secondary cracks meet the primary cracks at a right angle. The
junction point of the crack looks like ‘T” as shown in Fig.1.5 and hence it is called
T Junction. In the case of soft cohesive soil when the drying is very slow the
orthogonal crack pattern is observed. This type of crack is very common in soil. In

the natural desiccation of soil non-orthogonal crack is not seen.

If the desiccation rate is very high and deposition of soil thickness is very low then a
non-orthogonal crack pattern is seen. In this case, the cracks meet with each other
at an angle of 120° and a hexagonal pattern is seen. The junction point of the
cracks looks like ‘Y’ as shown in Fig.1.5 and hence it is called Y Junction. Fang
and Danniels [23] first observed that hexagonal patterns in desiccation which is seen
in the case of homogeneous soil and suggest that when the soil is heterogenous then
hexagonal peds become almost round shaped. One of the most common phenomena
of desiccation crack is mud crack (1.5). If the soil is exposed to natural weather, then
due to the evaporation of water from mud the crack is seen. The study of the desic-
cation process is a very difficult task because it concerns many nonlinear parameters
like humidity, wetting dewetting, temperature, etc. Investigation on desiccation was
started almost 100 years back. At the early stage of research qualitative analysis
was done and in modern days quantitative analysis, crack mechanism, modelling,

etc. are more concerned to the researchers.
Why do desiccation cracks happen?

We are concerned about the natural crack that happens in the soil, dried water
resources, clay slurry, etc. Based on the factor that causes cracks in these cases,
Fang [24] proposed four common reasons and corresponding types of cracks namely:
shrinkage, fracture cracks, thermal and tensile. The most common crack is “shrink-
age”. When soil or clay is exposed to the environment then the liquid in the material

evaporates from the exposed surface and solidification happens and shrinks the soil
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Hexagonal crack
Y junction

Figure 1.5: Formation of mud crack in a cultivated land. Both T junction and
Y junction cracks are observed

and induced stress cracks the soil. Evaporation rate [25] and film thickness [26] pro-
vides also the stress in this case. Thermal stress developed due to thermal changes
in the material. When rapid heating and cooling occurs in the material then ther-
mal stress is developed in the material and cracks happen. One important thing
is that in case of cracks in soil, the main reason cannot be identified whether it is
caused by thermal stress or stress due to shrinkage. Stress that causes cracks in soil
is due to both thermal and shrinkage stress and both are very mutually influenced.
Obviously, thermal stress is relatively less effective than stress due to shrinkage.
Sometimes cracks happen due to tensile stress and the corresponding crack is called
tensile crack. External pressure is applied for structural loading that causes tensile
cracks. Sometimes cracks in soil happen due to fracture stress developed due to
fracture load. During desiccation, pore of water is generated in the soil, and fluctu-
ation of the pore water pressure, shrinkage, and thermal variation is the reason for

fracture load.
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Normally shrinkage crack is more related to the desiccation of soil rather than the
temperature change. However, there are some materials in which shrinkage pressure
is mostly dependent on the cooling of the material. A good example of a crack due

to cooling is hexagonal basalt column formation.

1.7.1 Effect of capillary pressure and clay layer thickness

Poroelasticity is the combined properties of porosity and elasticity of a matter.
When a porous media is elastically deformed or buckled then it is called poroelastic
deformation [9]. Soil is an example of porous media having elastic properties. The
main driving force behind poroelastic deformation is capillary pressure. Normally
when two immiscible fluid and a third material exists then capillary pressure exists.
During the drying of soil, a water layer is introduced due to cohesive attraction
between two particles. This gives rise to negative capillary pressure [27]. This
existing capillary pressure causes a crack in a layer. The thickness of a layer is a
very important parameter in crack formation. Lakshmikantha and his group [2§]
observed that when the clay thickness is increased, the area of the crack ped and
width of the crack increases but the rate of desiccation decreases. Again, for the
same thickness of different materials, the crack area and width of the crack are not
the same. Corte and Higashi noticed that area of the crack ped is larger for the
wooden base than for the glass base indicating that the substrate adhesion that
can vary from one material to another, can affect the crack ped [22]. Capillary
pressure is always not able to crack a film. There is a critical capillary pressure
above which elastic energy overcomes the energy required to create the surface then
cracks happen. There is also a critical thickness of the film above which crack
happens. A notable point is that when a water-air interface is formed inside the film
then the thickness of the film is not dependent on the film thickness [29, 30]. If the

water-air interface is formed outside the film, then this critical capillary pressure,
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po is dependent on the film thickness according to the relation

pir ~ ’)/G2/5h_3/5

Where G is the shear modulus. From the relation we see the power of h is negative.
If h is getting down then crack formation is more difficult. So there is a particular
value of thickness below which crack formation is not possible and this thickness is

called critical thickness [31].

1.8 Theoretical concept: Drying dynamics of an

evaporating droplet

Pattern formation of evaporating droplets has a great scientific interest because it
involves lots of physics inside the droplet and has wonderful applications for hu-
mans. When a droplet containing various solutes and solvent allows drying it leaves
a final pattern that not only depends on the compositions but also on the drying
dynamics which depends on some nonlinear factors like substrate, temperature and
relative humidity, etc. people are interested to understand the phenomena of dried
patterns and their evaporation dynamics for a technical application like painting
technology, printing technology, etc. By studying the pattern formation of droplets
containing nanoparticles, researchers are able to design inexpensive and easily fea-
sible nanoparticle deposition. One of the most exciting and interesting applications
of droplet evaporation is to detect diseases. Analysis of final deposition patterns of
biofluid helps us to detect the disease [15]. The sessile shape of the droplet is very
interesting because of their exposed curvature which creates complex mass transfer
during drying. The basic fluid properties, physics of thermodynamics, and ambient

conditions of the environment control the mass and energy transfer. We will shortly
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Figure 1.6: Youngs’ equation: Force balance at the Triple Phase Contact Line

discuss some important physics that works inside the droplet to create the final

deposition pattern.

1.8.1 Surface Tension and Youngs’ equation

The most important phenomenon which is studied for the last hundred years in
droplet physics is capillary action. The main tool for this study is the excess free
energy developed to create an interface between two phases and this is called ‘surface
tension’. If a droplet of aqueous solution is deposited on a solid substrate it spreads
on that substrate immediately after the deposition which depends on the nature
of the substrate and surface tension of the solution. We have shown a schematic
diagram of a deposited droplet on a substrate and components of interfacial tension
in Fig.1.6. A lower value of surface tension means greater spreading on the substrate.
When a droplet spreads partially, its contact line is pinned on the substrate and
pinned line is called Triple Phase Contact Line (TPCL). “Surface tension” of a

liquid is actually the interfacial tension between the liquid and air medium which
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is given by 7. Another two surface tensions are ~y (“interfacial tension” between
substrate and liquid) and 7, (“interfacial tension” between solid and air) are shown
in Fig.1.6. The relation between the cosine value of the contact angle (g) and

“interfacial tension” is called the Youngs equation which is given by

Vst + Viw cOS O = Yoy

. It is simply the mechanical force balance equation of TPCL.

1.8.2 Nature of surface and wetting phenomenon

The wetting phenomenon is very important in many aspects like in the food in-
dustry, painting technology, etc. Young’s equation has a direct impact on wetting
phenomena. Depending on the wetting characteristics a surface may be partially
wet, completely wetting, or completely drying. In the case of a completely wetting
substrate, the droplet spreads all over the surface. For partial wetting, it spreads
and is pinned on the substrate and the characteristic measurement of the spreading
is called contact angle 8g. Depending on the value of “contact angle” substrates
can be classified in three different natures namely hydrophilic, hydrophobic, and
superhydrophobic substrate as shown in Fig.1.7. If the “contact angle” of a water
droplet on a substrate is acute angle i.e. < 90° then the substrate is called water-
loving or Hydrophilic substrate. On this substrate water droplet is pinned to
the substrate and the substrate is partially wetting substrate. Glass and quartz
are examples of hydrophilic substrates. When the contact angle of a water droplet
on a substrate is > 90° then the substrate is called water-hating or Hydrophobic
substrate. It is also a partially wetting substrate. Polypropylene is an example of
hydrophobic substrate. If the contact angle is more than 150° then the substrate is
called superhydrophobic substrate. Lotus leaf is an example of a superhydropho-
bic substrate. On this surface, some textures are present and consist of an array of

pillars of heights and distances of some micrometer order. This array of pillars is
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coated with thin hydrophobic metal to prepare a superhydrophobic substrate. The
super hydrophobic substrate can be made at home. If a metal spoon is held on
a burning candle for some time then a thin layer of carbon is coated and forms a

superhydrophobic substrate. This carbon acts as a pillar [32]

a). Hydrophilic b). Hydrophobic ¢) superhydrophobic
Contact angle < 90° Contact angle > 90° Contact angle > 150°

Figure 1.7: Droplet on different substrates. a) Hydrophilic b) Hydrophobic c)
Superhydrophobic

Evaporation modes of a drying droplet

Evaporation of a sessile droplet means the escaping of solvent from the droplet
and decreasing the size/volume of the droplet with time. There are two types of
evaporation mode during drying, Constant Contact Angle mode (CCA mode) and
Constant Contact Radius mode (CCR mode) [33]. Schematic diagrams of these
modes of evaporation are shown in Fig.1.8. In the CCR mode of evaporation height
of the droplet decreases gradually and also contact angle decreases until the contact
angle reaches a value which is called receding contact angle. In CCR mode contact
area is fixed during this mode of evaporation. Normally on a hydrophilic substrate,
CCR mode of evaporation is seen. In the CCA mode of drying radius of the droplet
decreases gradually keeping the contact angle constant. This mode of evaporation
happens normally after CCR mode. During the period of drying, if the contact angle
reaches a certain value called receding contact angle then the droplet slips to a new
position with a small radius, and then the CCA mode of evaporation happens which

is depicted in a schematic diagram in Figl.8b.
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R
b). CCA mode ¢). CCR mode

a). Droplet on a substrate

Figure 1.8: Typical evaporation modes of a drying droplet.

1.8.3 Different flows inside the droplet

Consider a sessile droplet of nonvolatile solvent on a substrate. For a hydrophilic
substrate, the droplet TPCL is pinned to the substrate. Due to the curvature of
the exposed surface, the evaporation flux is uneven to the different portions of the
droplet. At the TPCL, evaporation flux is much greater than at the droplet apex.
Due to this gradient of evaporation flux a flow of solvent is observed from the apex
to the TPCL as shown in Fig.1.9a. This is called capillary flow. After complete
drying of the droplet, a ring-like residue is observed on the substrate which is called
Coffee Ring [34]. One interesting thing is observed in the ring under a microscope.
Initially, deposition is very slow, and very ordered deposition is observed. During
drying of the droplet surface tension gradient is developed by some reasons like
temperature gradient or the presence of chemical species called surfactant, which
lower the surface tension of the solvent. Due to this surface tension gradient, a flow
pattern is observed inside the droplet during drying which is called Marangoni
Flow. There are two types of Marangoni flow, thermal Marangoni flow, caused by
temperature gradient and due to concentration gradients, solutal Marangoni flow.
Due to the surface tension gradient higher surface tension area pulls the interface of
the lower surface tension area. This is called Benard Marangoni flow or “Marangoni
flow” which flows the liquid towards the higher surface tension from the lower surface

tension. The direction of the Marangoni flow depends on the comparative value of
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a). Capillary flow b). Marangoni flow  ¢). DLVO attractive force

Figure 1.9: Flow inside the droplet: a) Capillary flow b) Marangoni flow ¢) Flow
due to DLVO force

“thermal conductivities” of the substrate and the liquid. If the thermal conductivity
of the substrate is much higher than that of the liquid then the droplet TPCL is
warmer than the droplet apex and flows towards the TPCL from the apex. If the
thermal conductivity of the substrate is much lower than that of the liquid then
opposite trends are observed and liquid flow towards the middle of the droplet from
the TPCL as shown in Fig.1.9b. Each type flow can lead to different patterns after

complete drying [35]

Flow inside the droplet pattern is also controlled by DLVO attractive force which is
given by
FDLVO:FBZ+dew

WhereF ;= electrostatic force between the particles and F,4,= van der Waal’s force
between particles and substrates Due to this DLVO attractive force particles inside
the droplet can be attracted to the substrate directly as shown in Fig.1.9c. DLVO
force is strongly dependent on the zeta potential of the substrate and solution [36].
pH of the solution can greatly affect the zeta potential. We will discuss in details
about DLVO force later.

The next five chapters describe the body of work that is tandem to the title of the
thesis. But sometimes there comes another end after ending. In that spirit I have

included another chapter even after the ‘Summary’ to showcase another study I have
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done during this time. Pattern formation of desiccating droplets of copper sulphate
salt that not only looked beautiful , but introduced me to the topological tools of

Euler Characteristics that I have used to analyze the patterns.
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Impact of preparation protocol of col-
loirdal suspension on drying droplet on

different substrates

2.1 Introduction

In the last few decades, scientists have involved themselves to study the complex
drying dynamics inside a microliter size droplet and now it still remains a basic prob-
lem to understand the roles of the nonlinear parameter like temperature, ambient
weather, nature of surfactant, and substrates in the drying process of the droplet
properly [1], [2], [3], [4]. Pattern formation left by a sessile droplet of colloidal sus-
pension is an amazing field of application in medical science, the cosmetic industry,
lubricant, pharmacy, etc [5], [6], [7]. Instead of understanding the complex mass
behavior, the wonderful application of droplet physics in our life is still motivation

for researchers to study the physics inside the droplet.

Curvature of sessile droplet which is a factor responsible for complex mass transfer.
Surface tension at the interfaces of three phases- liquid, air, and solid, substrate and
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the nature of the solution play a role in the generation of curvature. This curvature
is responsible for nonuniform evaporation flux which in turn generates temperature
and concentration gradient along the droplet interface hence thermal and solutal
Marangoni flow build inside the droplet. Different flow inside the droplet carries the
suspended particles even in the microliter size droplet if the suspended particles are
very light. When the evaporation proceeds the amount of solvent is reduced and
hence viscosity increases inside the droplet. Viscous drag force developed inside the
droplet which depends on the shape and size of the solute particles. So according
to the shape and size of the droplet deposition during drying changes. Sometimes
desiccation energy is released by the crack formation inside the droplet. So, the
final pattern bears a signature of all the effects discussed here. The exact effect of
the parameters cannot be explained properly and hence it remains a fundamental

problem to the scientists.

The size of the particles in the colloidal solution is of the order of nanometers. These
nanoparticles in the colloidal solution gain charges and form aggregates. Depending
on the size of the aggregates final dried patterns changes. In this work, we have
revealed that depending on the preparation method, final dried patterns changes.
Normally a solution is prepared using the stirring process to make it homogeneous.
Now the question is how much time do we have to stire the solution to make it
homogeneous? What will change in the final pattern of the dried droplet if we
change the stirring time or preparation protocol? We have prepared suspension using
two different processes namely stirring by Ultrasonicator and stirring by Magnetic
stirrer. In this chapter, we will systematically demonstrate that there is standard
time tgq for a particular mixing process of a colloidal solution for a given solvent-
solute pair. We will discuss the patterns formed in different substrates with different

hydrophobicities and how the dynamics of flow pattern changes with aggregate sizes

32



Chapter 2 Impact of preparation protocol of colloidal suspension on drying droplet
on different substrates

2.2 Review of related work

The evaporation of droplets is a very simple observation in our surroundings gives
us a very interesting topic to study. Lots of nonlinear factors like humidity, temper-
ature, the motion of TPCL, some thermodynamic phase changes, etc. participate
to give interesting dynamics and hence a final pattern. Although there is a great
challenge to explain the variety of patterns left by droplets after complete drying,
research on droplet physics has drawn huge attention because of its wonderful appli-
cation in medical diagnosis, painting, printing technology, nanotechnical application,
etc. Maxwell in 1877 studied the basic droplet evaporation and found that droplet
evaporation is controlled by the diffusion process. Diffusion is caused by the differ-
ence in vapor pressure concentration in the different parts of the droplet [4]. Evapo-
ration flux is maximum at the TPCL and hence a capillary-driven force is developed.
The revolutionary observation in droplet evaporation is coffee ring formation at the
TPCL of the droplet. During the evaporation in CCR mode, capillary-driven force
carries the suspended or dissolved particles to the droplet contact line and form a
”coffee ring” [8]. Every time droplet does not leave the coffee ring after drying. Hu
and Larson observed that due to higher evaporation rate at TPCL makes it a cooler
region than the other part of the droplet [9]. Again, due to capillary-driven flow,
increasing concentration at the contact line creates a surface tension gradient which
in turn develops a Marangoni flow that drives the particles from the TPCL to the
droplet apex. So, in order to form a coffee ring at the contact line Marangoni effect

should be less effective than capillary flow.

Pinning and depinning of the droplet affect the deposition pattern greatly. Pinning
of the droplet leads to the coffee ring effect. Depinning of the droplet strongly
depends on the evaporation time [10]. Depinning of the droplet can be caused by the
factors like solutal concentration, shape, and size of the particle surface tension of the
solution, heterogeneity of the substrate, etc. The final deposition pattern depends on

the particle size of the solute. Weon shows how the particle size affects the deposition
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pattern [11]. He used a 20-micrometer polystyrene bead and the same bead with a
lower size and examined the final deposition pattern of the aqueous solution using
these. In the case of larger particles maximum deposition is formed at the droplet
center whereas for lower particle size coffee ring is observed. Similarly, the shape
of the particles remarkably changes the droplet patterns after drying. Yunker and
his group showed that using elliptical particles instead of spherical ones with an
aqueous-based solution formed uniform deposition rather than the coffee ring effect.
The anisotropic shape of the particle does not allow to create the coffee ring. Due to
the shape, the interaction between the particles changes and leads to that wonderful
change in the final deposition pattern. [12]. Some of the research groups claimed
that the size and aspect ratio of the particles cannot modify the final pattern. They
argued that DLVO force can affect the patterns and creates the uniform deposition
pattern [13] [14] [15]. DLVO force can be changed by changing the pH of the solution
and by changing the pH, uniform deposition can be achieved. Robert Malinowski
et.al experimentally controlled the deposition pattern by changing the vapor source.
During drying, there is vapor near the surface of the droplet. They changed the
solvent with different volatility to change the vapor source and observed the different

deposited patterns [16].

The deposition pattern of drying droplets can be changed by changing the temper-
ature of the substrates [17]. Sometimes droplet is heated from the top and hence
apex of the droplet gets warmer than the contact line of the droplet and thermal
Marangoni convection drives the particle to the TPCL and creates a coffee ring [18].
In most cases of the printing and painting technology coffee ring effect is problem-
atic. The coffee stain effect is a very common phenomenon. Researchers were able
to suppress this effect. Some of them are discussed here. Eral et. al was able to
suppress the coffee ring by electrowetting process by using AC electric field. Time-
dependent electric field prevents pinning of the droplet and flow generated in the

droplet helps to prevent radial outward flow [19]. The polymer-like surfactant can
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also be used to avoid the coffee ring deposition in droplet drying. Polyethylene Gly-
col was successfully used to prevent coffee ring deposition [20]. The coffee ring effect
can also be avoided by using a hydrosoluble polymer. This acts by changing the
viscosity of the droplet to control the motion of the contact line and flow inside the

droplet [21].

Effect of substrate: The substrate plays a vital role in the final deposition pattern.
The heterogeneity of the substrate, the roughness of the substrate, surface energy,
thermal conductivity, etc. affect the adhesion of the droplet to the substrate. Chang-
ing the substrate, DLVO force can also be changed. A smooth hydrophilic substrate
leads to coffee ring deposition. Depending on the roughness of the substrates Con-
tact Angle Hysteresis (CAH) is changed. Feng Li and his group used two different
substrates of different CAH for copper sulphate solution. Silica glass shows weak
CAH and a droplet of copper sulphate solution on this substrate shows a concen-
trated stain. On the other side Graphite substrate shows strong CAH and ring-like
deposition [22]. Different kinds of patterns are also observed due to the transition of
mode of evaporation from CCR to CCA mode which is actually stick slip motion of
the contact line. The droplet slip to a new position after the contact angle reaches
to receding contact angle. This happens when the advancing contact angle and re-
ceding contact angle differ with some limiting value [23]. The heating effect of the
substrate changes the final pattern depending on the nature of the substrates. N.
D. Patil and his group investigated through experiments. They used glass substrate
as a hydrophilic substrate. For nonheated cases, a ring-like deposition is observed.
When the substrate is heated, a thermal Marangoni flow developed and deposition
throughout the droplet was observed with the addition of a thin ring-like pattern.
They used a Silicon substrate as a hydrophobic one. For nonheated cases the evap-
oration mode is governed by the CCA mode and the central deposition pattern is
observed after complete drying. But in the case of heating of the substrate CCR
mode is dominated and the heating effect prevents the transition from CCR to CCA

method. The final pattern is observed as a thin ring with inner deposition. The
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hydrophobic substrate has less adhesion properties and it helps for less adhesion of
dirty things or oil on a surface. Normally droplet on a hydrophobic substrate, evap-
oration mode is dominated by CCA mode and stick-slip motion of the contact line.
Hence this substrate has self-cleaning properties [24]. For this kind of usefulness,
research has been done on the method of preparation of the hydrophobic substrate.
Some techniques are improving nanotubes or nanopillars or coating of hydrophobic

layer on substrate [25] [26].

Porous substrates are composed of holes or capillary tubes on their surface. It
takes more evaporation time than the normal surface. Pattern formation on these
substrates depends on the adhesion of the particle, the motion of the particle to the
substrate, etc. If the time taken to reach the particle to the TPCL is less than the
time taken for infiltration of the particle to the pores then coffee ring effect is seen.
On the other hand, if the time taken to reach the particle to TPCL is greater than
the time taken to infiltrate then the coffee ring is suppressed [27] [28]. The coffee
ring effect received most of the attention in sessile droplet dynamics. A hanging
droplet is known as a pendant droplet. The study of hanging droplets is also very
important because of its application in spray in fertilization and in the adhesion of
contamination on the wall or any surface. Hampton et. al studied droplets of silica
nanoparticles on a hydrophilic substrate. In the case of sessile droplet, a prominent
coffee ring with thin-like deposition is observed. When the droplet is deposited on
the substrate in pendant form, it lost its symmetry. At the downward, thickness is
much greater than that of the upper portion of the droplet. They observed a thin

coffee ring with a bump of deposition [29].

Cao et. al studied the effect of substrate elasticity which changes the drying dynam-
ics of the evaporating droplet. They used polymeric droplets to study the equilibrium
condition of the droplet. They showed that there is an interaction between capillary
force and elastic force which controls the equilibrium shape of a sessile droplet [30].

Dynamics of the contact line change with changing the elasticity of soft substrates.
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Hence the final pattern of dried droplet changes with changing the Young modulus
of the substrate [31].

2.3 Materials and Experimental Methods

We have done two sets of experiments in this study. 0.1 gm of silica flakes was added
to 10 ml of HPLC water and the mixture is stirred at different times 5 min, 10 min,
15 min, 20 min, 25 min, 30 min, 35 min, 40 min, and 45 min. Depending on the
stirring process we have divided the experiments into two different sets. Experiments
were done at different times to find the minimum time for stable droplets for both

sets of experiments.

Setl: In this set of experiments, stirring is done by a magnetic stirrer. SetII:

Stirring is done by ultrasonicator in this set of experiments.

After the preparation of the suspension, droplet of 5-7 microliter is deposited on
two different substrates. Glass substrate as hydrophilic and acrylic substrate as
hydrophobic is used for droplet desiccation which was already cleaned with extran

detergent and then by acetone and deionized water.

An image of the final pattern for both sets and substrates was taken by an inverted
microscope fitted with a Magnum MagCumMU2.3MP camera with a 0.5x C-Mount
Adapter. The frame width and height of the video were 1920 and 1200 and the
rate captured frame was 30/sec. A complete video of the drying of the droplet was
captured by this camera. The image of the droplet was sliced off from the drying

video for analysis as needed.

Angle contact was measured on both glass and acrylic substrates. The photograph
was taken with a Canon 700D camera and measured the contact angle using ImageJ

software. Measurement was repeated five times for each of the droplets.
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Figure 2.1: a) Evaporation rate on hydrophilic substrate(glass) for Setl and
Setll experiments. b) Evaporation rate on the hydrophobic substrate(acrylic) for
Setl and Setll experiments.

To check the rate of mass loss during the evaporation, droplet mass was measured
during evaporation at the interval of some duration for both glass and acrylic sub-
strates and for both sets of experiments. The mass of the droplet as well as the time
of evaporation is normalized by the mass of the droplet at the commencement of

deposition of the droplet and the total time of evaporation respectively.

2.4 Results

The angle of contact on both of the substrates- glass, and acrylic was measured for
both sets of experiments. On a glass substrate, the angle of contact is 37° and for
an acrylic substrate, it is 78° and hence glass is treated as a hydrophilic substrate
whereas acrylic is treated as a hydrophobic substrate. It is seen that for both sets
of experiments for a particular substrate, there is no significant change in the angle

of contact.
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Figure 2.2: a) Comparison of evaporation rate on both substrates for Setl (stir-
ring by Magnetic stirrer) experiments. b) Comparison of evaporation rate on both
substrates for SetII (stirring by Ultrasonicator) experiments.

2.4.1 Evaporation rate on glass and acrylic substrates

The rate of mass loss on both substrates was measured to check the evaporation
rate. The total time taken for an aqueous silica droplet on a glass substrate is 15
minutes for complete drying in an ambient condition of temperature 23 — 26°C and
relative humidity of 40-45%. For the same drying condition with the same droplet,
total drying time on the acrylic substrate is about 55 minutes. The rate of mass
loss was plotted for both substrates and for both sets of experiments. For better
comparison, the mass of the droplet at any instant is normalized by the initial mass
of the droplet. Similarly, the time of evaporation is normalized by total drying time.

The details are discussed below step by step.

2.4.2 Role of substrate on evaporation rate

Examining Fig.2.1 it is evident the role of both hydrophilic and hydrophobic sub-
strates for different preparation protocols. Fig2.1a shows the evaporation rate on
glass substrate for both sets of experiments. It is interesting to note that rate of

mass loss during evaporation is faster for the ultrasonication process (Setll) than
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for stirring by magnetic stirrer (Setl). It is also noted that the rate of mass loss for
Setll experiment is almost linear whereas for Setl experiments rate of mass loss is
nonlinear in nature. The complete opposite trend is seen on the hydrophobic, acrylic
substrate Fig.2.1b. On this substrate, the evaporation rate during drying evapora-
tion is faster for Setl experiment than for Setll experiment. Not only that rate of
mass loss is linear for Setl experiments and nonlinear behaviour is seen for Setll
experiments. So completely different response in evaporation is seen on different

substrates of different hydrophobicities.

The role of the preparation method is evident from Fig.2.2(a and b). For the Setl
experiment rate of evaporation is higher for acrylic substrate than glass substrate.
Glass substrate exhibits higher water retention than acrylic substrate. Different
behaviour is seen for the Setll experiment. Initially, hydrophilic substrate shows
higher water retention during the evaporation and at a later time rate of mass loss

gets higher than in acrylic substrate.

2.4.3 Final pattern after complete drying

Final deposition patterns after complete drying for Setl (stirring by Magnetic stir-
rer) experiments on hydrophobic substrate acrylic, and hydrophilic substrate glass
are shown in Fig.2.3(a and b) respectively. Similarly, for Setll (stirring by Ultrasoni-
cator) experiment final dried patterns are shown in Fig.2.3(c and d) for hydrophobic
substrate acrylic, and hydrophilic substrate glass respectively. For any given sub-
strate say acrylic, the difference in deposition pattern for the solution prepared by
different methods is striking. Examining Fig.2.3a which is the final deposition pat-
tern on the acrylic substrate for the solution prepared by stirring with a magnetic
stirrer gives some interesting features in it. A thin-ring like deposition is observed
at the TPCL with micro-cracks that emerge from the TPCL to the inner ring of the
deposition. A gradient in ped size is clearly noticed where small peds are near the

ring deposition and ped size increases gradually towards the center of the droplet.
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Figure 2.3: Final pattern of dried droplet on a)acrylic substrate b) on glass

substrate for Setl experiment (stirring by Magnetic stirrer). Final pattern of

dried droplet on c)acrylic substrate d) on glass substrate for Setll experiment
(stirring by Ultrasonicator)

Due to the gradation of ped size, the crack width is higher to the inner portion of
the droplet than the crack width near the ring. Even with the naked eye, one can

see the thick deposition at the droplet apex than the deposition near the boundary.

In the same substrate acrylic, the droplet shows a different pattern after drying when
the solution is prepared by stirring with an ultrasonicator as shown in Fig.2.3c. A
wide ring-like deposition is formed at the TPCL with periodic cracks. The peds in
the deposited ring are almost the same size and hence the cracks at the ring seem
periodic. A very thin uniform deposition is observed on the interior of the droplet.
Any considerable gradient in ped size is not observed at the interior portion of the

droplet as seen in the case of the Setl experiment on the hydrophobic substrate.
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Figure 2.4: Final pattern of the dried droplet on hydrophobic substrate(acrylic)
for different ultrasonication times varying from 5 min to 45 min in step of 5.

The final patterns of the dried droplet on hydrophilic substrate glass are shown in
Fig.2.3(b and d) for SetI and SetII experiments respectively. Almost similar patterns
are formed as seen in the case of hydrophobic substrate. In this case, however, no
gradient in ped size to the interior portion of the droplet is seen Fig.2.3b when the
solution is prepared by a magnetic stirrer and deposited on a glass substrate as seen
on the hydrophobic substrate. Fig.2.3 b shows uniform deposition with uniform ped
size. When the solution is prepared by ultrasonicator the peripheral border shows
a wider ring with thick deposition. The ring at the border shows a faint crack with
uniform distance. No such ped is formed in this case and a comparatively thin layer

is formed at the interior of the droplet.
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Figure 2.5: Final pattern of the dried droplet on hydrophilic substrate(glass) for
different ultrasonication times varying from 5 min to 45 min in step of 5.

2.5 Effect of changing ultrasonication time

Applying the knowledge from the mentioned experiments, solutions are customized
for a given combination of solute and solvent keeping fixed the other parameters.
Especially for a microliter droplet when the solute size changes in the order of
nanometer, the final deposition pattern changes considerably. Stirring the mixture
of solvents means to breakdown the original aggregates by degrees. Stirring by
ultrasonication or magnetic stirrer is similar by means of their functioning in the
preparation of the solution. In the experiments, it is seen that the final patterns differ
with preparation protocols (Setl and SetII) mentioned earlier on both substrates. It
suggests that different processes break their aggregates to different degrees. In order
to find a standard solution that yields a stable and reproducible pattern that would
not change with further stirring, it is important to call a process for stirring the

solute and solvent. As a way of dealing with this SetII (stirring by ultrasonication)
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Figure 2.6: Time development of a drying droplet on glass substrate for both
set of experiments

experiments was done with varying time from 5 minutes to 45 minutes in an interval

of 5 minutes on both hydrophilic and hydrophobic substrate.
On acrylic substrate:

Figure 2.4 shows the final pattern of the dried pattern on a hydrophobic substrate
with different ultrasonication times varying from 5 min-45 min. Examining Fig.2.4,
it is seen that ultrasonication time increases from the lower to higher sonication
time. Greater spreading of the droplet and hence the radius of the deposited is
seen with the increase in sonication time instead of the same initial volume. For
lower sonication time (say 5 minutes) deposition is thicker at the center of the
droplet and thinner in deposition to the peripheral area. This results in the cracks

at the central portion of the droplet being wider and thick than at the border.
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Figure 2.7: a) Variation of ring width at the TPCL with the variation of ul-
trasonication time. b) Variation of average crack spacing at the ring with the
variation of ultrasonication time

The crack peds possess the gradient in size i.e. the peds are larger at the center
and decreases in size at the TPCL. For greater sonication time (30-45 minutes) the
reverse fashion is noticed with a thicker peripheral region than at the interior of the
droplet. When the ultrasonication time is larger, the borders are wider and thick and
hence cracks are seen. The cracks at the peripheral regions are periodic and confined
between the inner and outer rings at the border. Finally examining the pattern of
the droplet, ultrasonicated for 10 minutes, no discernible difference in thickness is
seen at the TPCL and at the center of the droplet. A close comparison of this image
to Fig.2.3a which is for the Setl experiment, shows the almost same pattern in their
final deposition which indicates the same level of mixing of solute-solvent pair occurs
i.e. degrees of paring down of aggregates are same for both cases. However, it is
only after 30 minutes of stirring by ultrasonication, the identical deposition pattern
is observed for both substrates. This leads to conclude for silica flake-water mixing,
minimum time for making a stable solution for the reproducible pattern on the

acrylic substrate is t54 = 30 minutes.
On glass substrate

Fig.2.5 shows the final pattern of the dried droplet of aqueous silica suspension on
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a glass substrate with ultrasonication time varying from 5 minutes to 45 minutes.
On a glass substrate, the spreading is greater for a higher ultrasonication time for
the same initial volume of droplet. There is a border-like deposition for each case
and the width of the border increases with an increase in ultrasonication time. This
deposition at the border shows a distinct periodic pattern and periodicity increases
with an increase in stirring time by ultrasonicator. For lower sonication time, 5-
15 minutes, there is a crowd of small ped aggregates at the interior region to the
droplet keeping a certain distinction from TPCL. As the sonication time increases
the congregation at the center of the droplet disperses. For ultrasonication time of
30 minutes and after that the small aggregates vanish from the center and uniform
deposition is observed with a thin annular ring-like pattern is observed with respect
to the droplet center. Examining Fig.2.5 shows that, for glass substrate, ultrasoni-
cation time is 30 minutes for preparation of homogeneous solution of aqueous silica
flakes. Considering both cases, it can be concluded that, t,3=30 minutes is the

standard ultrasonication time for a stable solution of aqueous silica flakes.

The ring width of the deposition of the droplet is increased with an increase in
ultrasonication time on both glass and acrylic substrates as shown in Fig.2.7. The
ring width gets an almost constant value after a sonication time of 30 minutes which
indicates there is no influence on solution characteristics for further ultrasonication
when the other parameter is constant. It is clearly noticed from Fig.2.7 that levelling
off is sharper for acrylic substrate than glass. Fig.2.7b shows the crack spacing at
the periphery with respect to the ultrasonication time. Examining this figure, it is
clear that the cracks are periodic i.e. there is a wavy pattern. If we notice the Fig2.6,
2.8, 2.9 then two sets of cracks with larger and smaller sizes are seen. Fig.2.7b shows
the average crack spacing considering the larger cracks. A strong substrate effect is
noticed in crack spacing at the periphery. Crack spacing is much higher for acrylic
substrate than glass. In the case of the glass substrate, the strong pinning of the
TPCL accumulates the stress. The release of stress is low and easily reaches the

critical threshold of stress to crack. For acrylic substrate, the slipping tendency of
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Figure 2.8: Time development of a drying droplet on acrylic substrate for Setl
experiment

TPCL is seen and stress is released somehow and taking a longer time to reach the

critical stress value and hence crack spacing is high.

2.6 Explanation

We have considered glass as a hydrophilic substrate with a small contact angle and
acrylic as a hydrophobic substrate with a contact angle near about 90° throughout
the experiments as well as the following discussions. Evaporation dynamics vary

from substrate to substrate depending on the contact angle and spreading coefficient
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Figure 2.9: Time development of a drying droplet on the acrylic substrate for
Setll experiment

which in turn change the deposition pattern of the drying droplet. In order to analyze
the final pattern, it is important to understand the evaporation dynamics of a drying
droplet. For the small value of contact angle say as in glass substrate the evaporation

flux through the liquid-gas interface is given by|[32]

2D(Cyar — Co)
e

J = (2.1)

and the free surface of the sessile droplet is parabolic in nature and the curvature is

given by
O(R? — r?)
2R

h= (2.2)

Where J= is the evaporation flux, D=diffusion coefficient of the vapour in the atmo-

sphere, ;= saturation vapour concentration, C.=constant vapour concentration
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in the ambient condition far away from the droplet surroundings, R=radius of the
droplet, r = radial distance at which the droplet height is h and #= contact angle
of the droplet.

From the above equation, it is clear that evaporation flux J is maximum [33] at the
droplet TPCL where r ~ R. Due to the high evaporation flux at the TPCL, a radial
convective flow is developed to the TPCL to create the famous phenomenon Coffee
ring effect. Further approximation of the solute particles or aggregates as a sphere,

the relative drag force of the solute particles during evaporation is given by
F = 6mnrv (2.3)

where 7 is the viscosity of the fluid, r is the approximate radius of the aggregate and
v is the velocity of the aggregates. Hence for smaller particles viscous drag force
is less and easily carried to the TPCL of the droplet to form the coffee ring effect.
During evaporation, some particles crowded themselves through the interface of the
droplet and create a bridge through the droplet interface by submerging themselves
partially inside the droplet. This solvent bridge holds the particles by a capillary

force which is given by [34]
4dmry cos 64

F. =
3

(2.4)

where 7 is the surface tension between solvent and air interface and 6, is the contact
angle between solvent and particle. The evaporation of the solvent during drying
gathers the aggregates to form skin to the interface. The particles also possess a
long-range force which is known as Derjaguin- Landau-Verwey-Overbeek (DLVO)
interactions or DLVO force. This DLVO force is the algebraic sum of the van der
Walls and electrostatic forces. This force carries the aggregates toward the substrate

with a velocity
2Fp

~ 12mnr

D

(2.5)

Where Fp is the DLVO force [35]. Apart from these forces, there may be some

forces that arises due to surface tension gradient which creates Marangoni circulating
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during evaporation.

A close observation of Fig.2.1 shows that the rate of evaporation is higher for the
SetIl than the Setl experiment for hydrophilic substrate where the contact angle is
low. The lower value of contact angle for hydrophilic substrate ensures the higher
evaporation flux and small droplet height. In the case of the Setl experiment, stirring
by a magnetic stirrer produces larger aggregates than obtained by the ultrasonication
process. According to eqn.2.3 viscous drag force being higher for larger particles, a
few particles are able to reach TPCL to form a very thin coffee ring pinned to the
boundaries, and most of the aggregates remained suspended to the droplet. As the
solvent evaporates, the larger particles are drawn to the droplet interface by capillary
forces according to eqn.2.4 and form a crust to the droplet interface Fig.2.6 Setl and
slow down the evaporation rate Fig.2.1. Fig.2.6 shows the time development of the

droplet for Setl experiments for the hydrophilic substrate.

For hydrophobic substrate the contact angle being higher the ratio of droplet surface
to the volume lower than hydrophilic substrate, a higher water retention is observed
for hydrophobic substrate as shown in Fig.2.2a and b. Due to the high contact
angle, height of the droplet is much higher at the droplet center than the height at
the edge. Hence the heat transfer is higher at the droplet edge than the center of
the droplet and a higher evaporation rate at the droplet edge generates a radial flow
towards the TPCL forming a coffee ring pinned to the substrate. As the evaporation
increases the droplet gets flattened by decreasing contact angle. As drying proceed
the central light portion increases in size which suggests the flattening of the droplet.

This in turns decreases the adhesion energy per unit area following the relation

Yiw(1 + cost) = Wy, (2.6)

Where 7, is liquid-vapour interfacial energy and Wy, is the solid-liquid adhesion
energy. This loss of energy creates the stick-slip motion of the droplet. This is the

reason for decreasing the evaporation rate as shown in Fig.2.1b. Repulsion forces
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between the droplet and substrate are sufficient for the hydrophobic substrate to
move the TPCL. The time development of droplet evaporation for Setl and Setll
experiments on the hydrophobic substrate (acrylic) are shown in Fig.2.8 and Fig.2.9.
Time development on the acrylic substrate for Setll experiments shows a corrugated
appearance at the TPCL which is a result of competition between surface energy
force and frictional pinning force. The dark concentrated ring at the TPCL is evident

in the stick-slip motion of the droplet.

The evaporation rate for Setll experiments is lower than Setl experiments for hy-
drophobic substrate as shown in Fig.2.1b. In this case, crust formation is happened
to the interface by capillary forces given by eqn.2.4. As the particle size decreases
the forces increase to form a closed-pack solid crust. Where the aggregates are larger
in size the capillary force is lower and gets sufficient space that helps higher evap-
oration rate for Setl experiments. A rough crust is formed at the interface for Setl
experiments due to a higher evaporation rate. Again the viscous drag force is higher
due to the larger size of the aggregates, a thick crust is formed and developed crack

formation just like mud crack.

Fig.2.2(a, b) show the substrate effect on evaporation rate. For Setl experiments,
slower evaporation rate is noticed on a glass substrate. For glass substrate, surface
to volume ratio is high and the capillary force that developed to the droplet interface
is effective to shield and slow down the evaporation rate. For SetlIl experiments on
acrylic substrate, the droplet height is more and latent heat transfer is low. The

crust formation to the droplet interface reduces the evaporation rate.

Particles in colloidal solution are often smaller in size than the aggregation of so-
lution. Stirring the solution changes the aggregate size depending on the degree
of stirring and/or speed effect of stirring on the solution and hence changes the
desiccation pattern. The desiccation pattern reaches a final pattern when the solu-
tion gets a standard homogeneous solution acquiring a critical size of the particles.

With another degree of paring down the aggregates, a different critical size can be
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reached and hence another desiccation pattern may be obtained. Stirring by ultra-
sonication process produces the solute particles of the order of nanosize. Due to
very light particles, the convective force enables to carry the solute particles to the
boundaries more strongly than DLVO forces. Most of the solute particles reached
the peripheral border. The peripheral border gets thick and wide and a wavy crack
is seen in Fig.2.6. For Setll experiments the peripheral border is fixed between two
boundaries. Especially for a hydrophilic substrate the thick deposition at the bor-
der shows periodic wavy crack between two boundary lines. The decay length of
the stress [36], [37] determines the crack nature. If the width of the pinned area of
the droplet is very low then the cracks that occur to the boundary are straight line
in nature. For uniform thickness, the released stress-energy can be estimated [38].
Cracks in the borderline get wavy due to oscillation of the stresses in the area of the
boundary. Very near to the boundaries the stress components are almost parallel to
the boundaries and hence the crack in the middle portion gets curved to the bound-
aries. The film just near the boundaries is thinner and maximum energy releases
occur at £90° in the vicinity of the two boundaries and in this way cracks deflect
to the center line. Repetition of this process causes wavy cracks at the boundaries.
If the central portion of the droplet is examined for Setll experiment, it can be seen
that there is no crack. Most of the solute particles are deposited to the boundaries
because of convective flow and thickness at the central portion is lower than the
critical thickness and no such cracks are seen. In the case of Setl experiment, a

thick crust is formed at the inner region of the droplet and cracks are observed.

2.7 Conclusion

In this work, the variation in the final dried pattern is shown by changing the
mixing method of solute and solvent during solution preparation. The droplet drying
dynamics during evaporation and the final pattern of the dried droplet are completely

different for different substrates. It has been justified the observation in association

52



BIBLIOGRAPHY

with the substrate properties and the flow dynamics that developed during drying for
both sets of experiments. The variation in the result is very striking and interesting.
In droplet drying experiments, a very common method of solution preparation is
stirring by magnetic stirrer. It is shown that, if the same solution is prepared by
stirring by ultrasonicator then the resulting drying dynamics and hence final dried
pattern is completely changed for both hydrophilic and hydrophobic substrates. Not
only that, time of stirring affects evaporation dynamics and the final pattern. This
leads us to conclude that a minimum time is required to prepare homogeneous and

standard solutions for any preparation protocol.

In most of the cases in the laboratory mixing of solute and solvent is done for
constant time and for a particular stirring method. Practically it is ignored what
will happen if the mixing time and method are changed. The difference in final dried
patterns has led to conclude that the size of the aggregates in solution produced by
different mixing methods and as well as the variation of degrees of paring down affect
the size of the inclusions. The suitable explanation of the striking result leads to the
proposal that particle size inside the solution as a function of time and preparation
protocol and the substrate properties affect the drying dynamics. The protocol of
preparation, especially for colloidal solution cannot be strongly intensified. In a
colloidal solution, the solid inclusion size changes from pym to nm depending on the
degrees of paring down. Again the size of the solute greatly affects the flow dynamics
inside the droplet resulting in crack peds of different sizes. It is very important to
establish and follow a particular preparation method in which the characteristics
will be independent and then the prepared solution can be used with confidence in

desired application to get a standard result.
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Pattern formation of aqueous Laponite
droplet on different substrates with vary-

ing pH

3.1 Introduction

Droplet physics is an interdisciplinary subject of fluid dynamics, transport phenom-
ena, phase changes, interface science, properties of soft matters, etc [1], [2], [3], [4].
The pattern left by the droplet after completion of drying bears a significance of all
the mentioned properties. That’s why it has great importance for academic purposes
also. It bears a great interest to scientists because of its application in medicine, di-
agnostic purpose, printing and painting technology, industry, etc. The sessile shape
of a droplet of a complex solution is responsible for complex mass flow that devel-
oped inside a droplet during drying [5], [6]. Surface tension gradient, temperature,
substrate properties, relative humidity, surfactant, etc. set up the competition be-
tween the different flows like convective flow, Marangoni flow, and the gravitational
flow inside the droplet [7], [8]. These fluid flow carry the dissolved solutes and are
deposited on the substrate in different patterns. The morphology of the residual
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pattern of the dried droplet bears significance in the application. The shape of the
particles and the presence of salt in the aqueous solution changes the final deposition
pattern [9]. In most cases, the colloidal particles in the solution acquire an effective
charge on its surface. The charged state of any particle is very sensitive to the pH
of the solution. pH of the solution can affect the zeta potential of the solution and
substrate which influence the electrostatic force. Zeta potential affects the DLVO
forces. According to DLVO theory, this force is summed up by electrostatic forces
between particle-particle and particle-substrate and van Der Walls force. In this
study, we will discuss how the residual pattern of aqueous Laponite droplet changes

with the change of pH of the solution from very acidic to basic pH.

Pure Laponite is a disk-shaped particle. In an aqueous medium, it possesses a net
negative charge at its face surface and positive charges at the rim. When the pH
of the aqueous Laponite solution is increased from the acidic range to basic, the
nature of the charges of its rim changes from positive to negative charges at around
pH 12. Depending on the pH of the solution Laponite particles arrange themselves
to stack-coin arrangement or caged like house of card structure during drying to
form. When the aqueous Laponite droplets of different pH are allowed to evaporate,
the arrangement of the particle during drying is further perturbed by its complex
mass transfer due to its uneven exposed surface. Thus the pattern left by aqueous
Laponite droplets with varying pH on the substrates of different hydrophobicities.
For hydrophobic substrate PMMA, the droplet shows the coffee ring effect in the
acidic pH range. In a very acidic pH dried droplet on a hydrophobic substrate shows
the dried droplet pattern indicates collapsed cavities that contain a ring of salts on
its wall. In the basic range of pH on the same substrate, salt crystals gathered on
the Laponite droplet. The same studies were done on hydrophilic substrates and
quite different patterns of the result were seen. We have offered an explanation of
the obtained results to justify on the basis of the particle-particle (PP) and particle

substrate (PS) interaction in association with the pH of the solution.
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3.2 Earlier work related to Laponite

Colloidal clays are emerged as a very compact subject because of their complex phase
behavior, gel, and glassy state [10], [11]. This section contains the phase behavior
of very known synthetic clay Laponite particles. The study of the phase behavior
of Laponite particles goes through an intense debate after the revolutionary work of
Thomson and Butterworth [12]. Mourchid and his group studied the phase diagram
of colloidal disk-shaped charged particles. They showed that the colloidal suspension
undergoes a sol-gel transition without macroscopic phase difference. They showed
that ionic strength and concentration of the suspension are the key factor to control
the sol-gel transition [13]. The study of the rheology of Laponite clay is very contro-
versial. Jatav et.al studied the rheology of Laponite particles with varying particle
and salt concentrations. They observed that all the rheological properties regarding
sol-gel transition lead to percolated network as well as fractal nature. They showed
that activation energy also changes with laponite as well as salt concentration [14].
Synthetic Laponite clay in an aqueous medium shows viscoelastic properties even in
low concentrations. Gel formation is evidence of that property. Another observa-
tion shows no direct relation between the fractal dimension and viscoelasticity and
they argued that Laponite solution forms a colloidal solution rather than gel [15].
Aggregation of the Laponite particle in the solution quickened with an increase in

the ionic strength of the solution which helps to form gel [16].

3.2.1 Laponite particle and its characterization

Laponite particles are in a white powder state. Primary particles are platelet with
aspect ratio ~ 1 : 25. One unit of Laponite particles is formed with one octahedron
of magnesia and two tetrahedrons of silica and the tetrahedrons are on either side of
the magnesia layer [17]. Upper valence atom lithium substitutes the magnesium ion

from the octahedron to create the deficiency of positive charges. On the opposite
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faces of the particle have excess electrons which are shared with the sodium atom. In
the dry powder state, the sodium atoms are present inside the particles because the
Laponite platelets are stacked form. When the particles are in aqueous solution the
sodium atoms are dissociated into the bulk medium in the form Na™ due to osmotic
gradient. Due to this dissolution of sodium ion, the Laponite particles possess
permanent negative charges in their face. This type of substitution is easy because
of its smaller size. Normally in the powder state, the particles are in a neutral state
because the cations from the atmosphere are adsorbed by the particles. These ions
in the solution are responsible for the electrostatic interaction between the particles.
The ionic state of the solution determines the morphology of the sol-gel, rheological

properties of the gel, or electro-kinetic response to the electric field or magnetic field.

At very low concentrations the gelling of laponite is not observed. When the con-
centration reaches beyond 1%, soft solid-like consistency i.e. physical gelling is seen.
There is the consent of Everyone that Laponite concentration up to 2% forms a
space spanning attractive gel [18]. Beyond that concentration, a controversy exists
amongst the researchers. The debate exists regarding the microstructure responsible
for the solid-like property of Laponite. One group suggests that Laponite particles
form repulsive glass where the particles are suspended in a stacked arrangement
without touching each other due to repulsion between the negatively charged face
surfaces [19], [18], [20]. Another group claimed that the Laponite particles in aqueous
solution of concentration beyond 2% form a caged-like fractal structure by attraction
between the negative face of one particle to the positive edge of the other particles
[20], [21]. The interesting point is the concentration region between 1.8 to 2. It has
been claimed that in this region Laponite particles may be either in a repulsive glass

state or space-spanning attractive gel [22].

The edges of the Laponite particles consist of broken crystals of magnesium and
silica. pH of the medium determines the nature of charges of the Laponite edge.
The edge of the Lponite particle where MgOH crystals are present, possesses positive
charges below pH 12 and above that pH, the edge holds negative charges. That’s
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why pH 12 is the Iso Electric Point (IEP) for MgOH crystal. Similarly, pH 2 is
IEP for SiOH crystal [23]. There is a link between the face charges, charge of
the edges, and pH of the medium [24], [25]. To maintain the positive charges to
the edges, OH~ ions release to the bulk medium which increases the pH of the
medium. Similarly, to render the negative charges on the edges of the particles, H*
dissociates to the medium to decrease the pH. The H™* ions available to the medium
get adsorbed by the negative faces of the Laponite resulting in a decrease in the pH
of the solution. Thomson and Butterworth [12] studied the effect of pH of aqueous
Laponite solution with concentration up to 2%. pH of the aqueous Laponite is about
10. They proposed that Laponite particles in the pH limit < 9 disintegrate in the

medium following the relation

Na,SigsMgsLiO(OH)y + 12H + 8Hy0 — 8Si(OH), + BMg*t + vLit (3.1)

where value of the variables a, § and v can have a variation of £0.1 depending on
the compositions. Mourchid and Levitz observed that Aqueous Laponite solution
gets gel form in an open atmosphere faster than kept in a nitrogen atmosphere due
to the absorption of carbon dioxide from the air. The absorbed C'O, dissolved into
the solution and forms weak carbonic acid. This carbonic acid increases the density
of H* ion and leads to the release of the M¢**t and Li* ions in solution according
to eq.3.1 which speed up to gel fast [26], [27]. Mohanty et.al reported that pH does

not have any direct impact on the degradation of Laponite Particle [28].
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Figure 3.1: Contact angle of aqueous Laponite droplet on a)glass b)quartz and

c¢)PMMA substrate. d) Surface tension at the TPCL. e)Rate of change of contact

angle of Laponite droplet on PMMA substrate for different pH values. The region

between the vertical and dotted lines is the time duration for constant contact
angle.

3.3 Materials and Experimental Methods

The preparation protocol of a solution greatly affects the flow dynamics inside a
droplet and hence the final patterns of residue [29]. Hence throughout the exper-
iments, we follow the preparation methods described below faithfully to get the
reproducible result and ensure that results are not a substantiation of the prepa-
ration protocol. Pure Laponite and deionized water were used throughout the ex-
periments. The droplet of aqueous Laponite solution with varying pH is studied on
PMMA, quartz, and glass substrates. In order to change the pH of the solution, a
suitable amount of NaOH beads and 37% concentrated HCI are added to deionized
water and kept it undisturbed for 30 minutes. This water is used for the preparation

of the solution.

Laponite solution of 1% concentration is used for all experiments. 0.1 gm of Laponite

powder is added to the 9.9 ml of water and stirred by ultrasonicator for 30 minutes.
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Immediately after the preparation of the solution droplet of 5-7ul is deposited on
PMMA, quartz, and glass substrate that was previously cleaned with extran deter-
gent and then acetone and allowed to dry in an ambient condition of temperature
23-26°C and relative humidity 45-50%. The residue pattern of the dried droplet is
photographed by a Magnus camera, fitted with an inverted microscope for further

analysis.

The contact angle of the droplet for different substrates was measured by taking an
image of the deposited droplet with a high-resolution camera (Canon700D). ImageJ

software is used to measure the contact angle.

To make certain that no ageing effects of the aqueous solution of Laponite affect the
result for the entire period of experiments, the solutions with all pH were put in the
transparent glass bottle and kept for 90 hours, 3.2. These solutions were checked

for transparency and liquid state.

Figure 3.2: Bottles are contained with aqueous Laponite suspension with 1%
concentration for different pH values, after 90 hours since sample preparation
time. pH values are from left to right: 0.95, 1.18, 1.88, 5.65, 6.5, 7, 9, 12, 12.3.
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3.4 Different forces at play

To analyze the residual patterns left by aqueous Laponite droplets with varying pH
on different substrates, it is important to understand the forces at play during drying
inside an evaporating droplet. The electrostatic force acts between the substrate and

the colloidal particle are given by the following equation [30)]

F =ae "n, (3.2)

where z=distance between the substrate and the particle, n,= unit normal vector
to the substrate, s !=Debye length and ‘a’= a constant factor which is a function
of the surface potential, the interaction between the particle and substrate, and
ambient temperature. Another force acting between the particle and substrate is

the van Der walls attraction force which is given by [30], [31]

Ad3a,m.,

Fpq = —— e
¢ 122%2(z + d)?

(3.3)

where A= Hamaker constant, the value of this constant for water is 2.43 x 10720J
[32], a,4= retardation factor for van Der walls force which depends on the distance
between the surface and particles. The DLVO force acting between the particle and
the substrate is given by

Fprvo = Fa + Fug (3.4)

Zeta potential is a function of pH and DLVO force is a function of zeta potential. So
change in the pH of the solution changes the DLVO force as well. Iso-electric Point
(IEP) for PMMA is ~ 4 and zeta potential for this substrate is positive below pH 4
and negative above it [33]. IEP for glass and quartz substrate is almost the same and
it is ~ 2.8. The Zeta potential of Laponite also depends on the pH of the solution.
IEP of Laponite is 12 and zeta potential becomes more negative with increasing pH

of the solution [34], [35]. Hence the pH of the solution of Laponite particles becomes
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the function of DLVO force which determines the particle substrate interaction.
This force plays a serious role in the drying dynamics of an evaporating droplet on

different substrates.

The sessile shape of the droplet is responsible for the complex mass flow inside the
droplet during evaporation. Evaporation flux is uneven throughout the exposed
surface but symmetric about the center of the droplet. For hydrophilic substrate
glass and quartz, maximum evaporation happens at the TPCL and minimum from
the droplet apex. Due to this gradient of evaporation flux a convective flow is
developed from the droplet apex to the periphery of the droplet. This drives the
solute particle to the TPCL resulting in the very known phenomenon of the Coffee
ring. A different picture is seen in the hydrophobic substrate where more evaporation
occurs from the droplet apex than the droplet TPCL. During the drying of an
evaporating droplet, surface tension or thermal gradient may be developed inside
the droplet which creates the solutal Marangoni flow or thermal Marangoni flow
respectively. The interaction energy between the faces of the colloidal particles can
be expressed by the DLVO force. It is the competition amongst the different forces
that act inside the droplet during drying which is responsible for the final trajectory

of the particles which creates the different patterns.

3.5 Experimental results and discussions

Contact angles on PMMA, glass, and quartz were measured for aqueous Laponite
suspension using ImageJ software which are 83.6°, 30° and 38° respectively, Fig.3.1.
Thus, PMMA is a "hydrophobic substrate’ whereas the glass, and quartz are treated
as "hydrophilic substrates’. Samples of all pH were prepared and kept in glass bottles
to check the liquid state and clarity. After 90 hours of sample preparation, the
transparency of the samples does not change with time, Fig.3.2. A close observation

shows that after 2-3 hours of sample preparation, a white dreg was visualized at the
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Figure 3.3: Final pattern of the dried droplet of aqueous Laponite droplet on
PMMA substrate of different pHs a)0.95 b)1.18 ¢)1.88 d)5.6 €)6.5 )7 g)9 h)12
1)12.3. The scale bars are of 200um

bottom of the bottle for the sample of acidic range. This is the indication of the
disintegration of Laponite in an acidic medium and leaching of M ¢?>T and the white
sediments are most probably M gCls. Cumins showed that for low concentration of
aqueous Laponite solution, ~1% concentration after some hours of preparation of
the solution aging effect starts manifestation [36]. Since all the experiments were
done just immediately after the preparation of solutions, we can consider the ageing
effect to be very weak in the experiments as all the experiments in the drying droplet
were completed within one hour. If there is some ageing effect, we can consider that
it is uniform for all experiments, and evaporation dynamics or the final pattern of
the dried droplet is the manifestation of the variation of pH of the solution. Aqueous
Laponite suspension of low concentration initially behaves like a Newtonian fluid.
Due to its very low concentration, its viscosity value is close to that of water [20].

Due to mass loss during evaporation in the surroundings, the quantity of solvent
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decreases and the resulting viscosity increases gradually. All the experiments were
done with constant concentration and under identical atmospheres with the same
temperature and humidity, the rate of increase in viscosity during the drying of the

droplet may be considered as constant. Change in viscosity may be developed due

to variation of pH which can perturb the flow patterns during drying.

I

Figure 3.4: Time development of drying droplet of aqueous Laponite with pH
value 0.95 on PMMA substrate. The scale bar mentioned in the figures is 200um

3.5.1 Pattern formation on PMMA: Hydrophobic substrate

The dried deposition patterns of aqueous Laponite droplets with varying pH from
acidic to basic on PMMA substrate are displayed in Fig.3.3. All the experiments
were done for constant concentration and to keep all the parameters fixed. So,

deposition in final patterns is ascribed to the variation in the pH of the solution.
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The deposition pattern in the pH range 0.95 to 1.88 is a thin uniform layer with a
thick ring at the droplet TPCL bounded by consecutive rings as shown in Fig.3.3(a-
¢). The thickness of the layer increases with an increase in pH. The zeta potential of
the PMMA substrate is positive in the pH range below 4 and increasingly negative
with higher pH [33]. PMMA substrate in the pH range < 4 shows particle-particle
(PP) repulsion whereas particle substrate (PS) attraction force. Thus, the particles,
which are close to the substrate are attracted to the substrate to form a uniform
deposition. DLVO force is a short-range force of the order of Debye length, which
is much less as compared to the droplet height, most of the particles are suspended
to the droplet interface without being attracted to the substrate. The suspended
particles are carried to the droplet interface by the fluid flow. Consecutive rings at
the TPCL are seen which are the result of the convective flow inside the droplet.
PMMA being a hydrophobic substrate, the height of the droplet is high and the
contact area of the droplet is lower than the hydrophilic substrate for a droplet of
the same volume. Evaporation flux is stronger at the droplet apex than at the droplet
TPCL. The weak radial convective flow carried fewer particles to the droplet TPCL
to form a thin ring at the droplet boundary. The consecutive ring at the droplet
boundary is the result of the stick-slip motion of the droplet [30], [37]. For the stick
motion, the droplet the TPCL is pinned at the initial stage and evaporates with
CCR mode where the contact angle decreases keeping the contact area constant. As
the evaporation proceeds, the contact angle decreases up to a limiting value such
that o;,cos6 can exceed the value of o, in the Neumann relation Fig.3.1d, the TPCL
slips to a new position. For the slip process, the contact angle remains constant as
indicated in the graph shown in Fig.3.1e in the time interval between 22-28 minutes
on PMMA substrate in the very acidic pH range. Due to the high contact angle,
evaporation is slower, and the rate of decrease in contact angle is slow and the
depinning of the droplet takes a longer time. As a result, a consecutive ring is
seen. During the drying of the droplet, the viscosity of the droplet increases which
prohibits further movement of the particles. The strength of the PS interaction
decreases near the IEP and particles are easily carried to the TPCL resulting in a
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thick border at the boundary which cracks. Fig.3.3c shows a periodic crack between

the consecutive ring having a wavelength of 47um.

Figure 3.5: Time development of drying droplet of aqueous Laponite with pH
value 12.3 on PMMA substrate. The scale bar mentioned in the figures is 200um

Fig. 3.3(d-f) shows a similar pattern left by the aqueous Laponite droplet with a pH
range from 5.6-7. A close examination of the drying video of the droplet in this pH
range shows the particles at the interface move towards the peripheral edge slowly
and a slow swirling motion of the particles near the droplet edge is noticed. Normally
a radial convective flow towards the contact line is developed during evaporation.
With the high value of contact angle on the PMMA substrate, a thermal gradient
is developed throughout the droplet interface. As a result, thermal Marangoni flow
[38] moves the particles from the contact line to the droplet apex which interacts
with the radial convective flow resulting in a slow swirling motion of the particle near
the droplet contact line. The clear concentric ring at the boundary of the droplet
is not developed here but the original trace of the sparse particles deposited at the

ring is evident. The central portion of the droplet consists of small aggregates. In
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this pH range PS interaction is negative and particles are not attracted much to
the substrate and suspended particles are gathered at the droplet interface where
they form a thick skin layer. At pH 5.6, the disintegration of Laponite particles
forms Si105 which are very light and easily accumulated to the interface. This
accumulation of the particles turns the interface thick and finally cracks. At neutral
pH 7 disintegration of Laponite is much less, accumulation of the particles at the
interface is less and a thin layer is formed and hence cracks numerous with small

ped [39].

At pH 7 the droplet is deposited uniformly. At pH> 11.5, different pictures are
noticed. At this pH range, the Laponite particles acquire negative charges at their
edge as well as their face surface. Particle-particle and particle substrate interactions
are repulsive in nature and the droplet slips and shrinks uniformly during drying.
The droplet of pH 12 shows the crystallization inside the droplet instead of repulsive
interactions Fig.3.7c. Most probably the recrystallization of NaOH occurs which is
suspended inside the droplet. Due to this crystallization the flow dynamics were

modified which is the reason for this pattern.

The drying droplet of the aqueous Laponite suspension is photographed from the
top by a camera fitted with an inverted microscope. Time development of the drying
droplet on PMMA substrate for highly acidic and highly basic pH, 0.95 and 12.3
are shown in Fig.3.4 and Fig.3.5 respectively. A common feature is seen in both
cases. Initially, there appears a circular lighter patch at the center of the droplet
surrounded by a dark broad ring. At later times of the evaporation the lighter cir-
cular patch increases with time. PMMA is a hydrophobic substrate, the droplet
has more curvature initially. It is not possible to focus the entire droplet sharply
at a time with a camera because of its height and curvature, thus the lighter patch
corresponds to the focused area. As the drying proceeds, the droplet flattens due
to decreasing its height with constant contact area, the focused area increases even-

tually. Fig.3.4 and Fig.3.5 show some differences in the textured interface of the
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Figure 3.6: Final pattern of the dried droplet of aqueous Laponite droplet on
the glass substrate of different pH values a)0.95 b)1.18 ¢)1.88 d)5.6 €)6.5 {)7 g)9
h)12 i)12.3. The scale bars are of 200um

droplet which is only due to the difference in pH of the suspension. The zeta poten-
tial of the PMMA substrate is positive in a very acidic suspension. The Laponite
particle in this solution is negatively charged, particle-particle interaction is nega-
tive and particle-substrate interaction is positive. More in this acidic pH leaching
of the Si0, particles is responsible for the small crystallites which are visible on
the droplet interface. In very basic pH 12.3, large aggregates are gathered in the
droplet interior. As evaporation proceeds, rough crusty with salt crystals are devel-
oped gradually. The negative zeta potential of PMMA repels the negatively charged
Laponite particles in the direction of the interface of the droplet. Recrystallization

of NaOH occurs which helps to form the crusty surface at this high pH.
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Figure 3.7: Deposition of crystal in a dried droplet of aqueous Laponite on glass
substrate at pH=12.3 a) center of the droplet b) pattern near the contact line. c)
crystalline deposit at pH 12.3 on PMMA substrate. The scale bars are of 200um

3.5.2 Pattern formation on Glass and Quartz: Hydrophilic

substrate

Glass and Quartz both are hydrophilic substrates because of their acute contact
angle. The droplet with the same volume spreads more on these substrates than it
spreads on the PMMA substrate. Droplet evaporation occurs on glass and quartz
substrate in CCR mode, the contact angle decreases further during evaporation.
Small changes in contact angle cannot be measured by ImageJ software of a droplet
image. The main focus is to analyze the pattern formation of the droplet from the
perspective of the hydrophobic and hydrophilic characteristics of the substrate. The
unpredictability of contact angle variation will not influence the study of the pattern

greatly.
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The dried deposition patterns of aqueous Laponite droplets with varying pH from
acidic to basic on glass substrate are shown in Fig.3.6. Glass substrate being hy-
drophilic, it has a lower curvature. The uneven evaporation flux, maximum at the
TPCL and gradually decreases to the droplet apex, develops a strong convective
flow towards the contact line. The zeta potential of the glass substrate is negative
above pH 3 and decreases more with an increase in suspension pH. DLVO force
between the substrate and particles is repulsive which makes it easier to transport
the particles to the periphery. In the acidic range, Laponite particles disintegrate
to release M ¢?T and Li* ions with SiO, according to eqn.3.1 because of a surplus
of H' ions. The released SiO, particles being very light transported to the contact
line by radial convective flow easily to form a ring at the periphery. The time taken
to evaporate from the glass substrate is much less than in PMMA substrate because
of contact angle is very low as well as the lower droplet height of the glass substrate.
Hence evaporation is very fast and decreases the flux gradient quickly and does not
get sufficient time to carry the particles to the contact line resulting in a thin ring

at the TPCL.

The dried patterns of the droplets between pH values 5-7 on the PMMA substrate
show the shrinkage of the deposition where the contact line is shifted inward. The
comparison of the dried patterns with the pattern of PMMA substrate shows that
no crack ped interior to the droplet is seen in the same pH regime. The differences
in patterns are ascribed to the particle-substrate interaction of the two substrates
which in turn perturb the DLVO forces in the droplet. In this pH range, the particle
substrate interaction is repulsive. Hence most of the particles are suspended to the

interface of the droplet and deposited on the substrate at the end of the evaporation.

The same picture is noticed as seen in the case of PMMA at pH=9, where uniform
deposition is formed. When the pH of the solution exceeds 10, practically there is
no disintegration of Laponite. The droplet above this pH dried with a fixed contact
line. The original trace of the droplet is left as a thin circular line of tiny particles.

Just like PMMA substrate, when the concentration of Na™ ion reaches a condition of
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Figure 3.8: Final pattern of the dried droplet of aqueous Laponite droplet on
a quartz substrate of different pH values a)0.95 b)1.18 ¢)1.88 d)5.6 €)6.5 {)7 )9
h)12 i)12.3. The scale bars are of 200um

saturation, recrystallization of NaOH crystal starts. The crystals are suspended at
the droplet interface with increasing concentration there. The convective flow fails
to carry the particles to the contact line. The increased concentration develops a
solutal Marangoni flow which flows from the TPCL to the droplet apex. The crystals
are finally deposited to the substrate at the end of drying. The dried deposition
patterns of aqueous Laponite droplets with varying pH from acidic to basic on
quartz substrate are shown in Fig.3.8. The quartz substrate shows the same picture
as a glass substrate. The difference in contact angle is very low between glass and
quartz substrates. The behaviour of Zeta potential for quartz substrate follows the
same picture as a glass substrate. The difference pattern is seen for the pH value
>10, where recrystallization of salt is not pronounced as in the case of glass. Hence
the solutal Marangoni flow is not strong as glass and the border at the TPCL is not

observed in the glass.
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Figure 3.9: Pattern of aqueous Laponite droplet at pH 1.88 in different magni-
fications on different substrates. a) and b) pattern on PMMA substrate. ¢) and
d) pattern formation on a glass substrate.

3.6 Cavity formation in acidic pH on PMMA sub-

strate

Aqueous Laponite droplet shows very interesting features on PMMA, a hydropho-
bic substrate in very acidic pH under magnification. A close look in Fig.3.3a shows
small aggregates of particles which are blotch of bubble-like structure in addition
to uniform deposition. To examine carefully the patterns, the magnified images of
the aqueous Laponite solution in an acidic medium (pH 1.88) on both hydrophobic
PMMA substrate and hydrophilic glass substrate are shown in Fig.3.9. When the
droplet dried on a hydrophilic glass substrate in the same pH value, no such cavita-
tion is seen under high magnification Fig.3.9(c and d). Whereas the dried droplet on

PMMA substrate at the same pH shows clear circular patches surrounded by crystals
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of salt aggregation which is indicative of the cavitation formed during evaporation.
For both substrates, pH was maintained constant, and kept all other parameters
same. So, the different features observed in a particular substrate are attributed to
the difference in DLVO forces plays in both cases. Cavitation can be formed in many
colloidal solutions and in gel [10], [41]. The cavity is formed due to the gradient of
osmotic pressure amongst the pores and enclosing shell or liquid droplet. Gels are
normally porous samples for example Laponite gel. Sometimes bubbles are formed
inside the gel and trapped inside the gel walls. A cavity may be developed inside
the gel if the evaporation from bubbles is faster than the diffusion of solute parti-
cles from the bubble interface. In many cases, the cavity collapses due to a huge
pressure difference between the interior and outside of the cavity. If the solution
of salt is present inside the cavity, then evaporation from the cavity becomes very
slow through the shell which in turns lead to saturation of that solution inside the
cavity, hence salt crystals form to the inner wall of the cavity. Fig.3.9(a and b) show
the salt crystals arranged themselves in circular form around empty spaces. At this
pH, PS interaction is attractive in PMMA, the particles are attracted towards the
substrate. During drying, a gel network is formed in the Laponite solution and it
forms cavities by trapping the salts of the solution. Cavities collapse inside the gel

at the end of the evaporation.

3.7 Conclusion

The dried residues of the aqueous Laponite droplet show interesting patterns with
the variation of pH on different substrates with different hydrophobicities. We sug-
gest an analysis to explain the patterns taking into consideration the aspect ratio
of the Laponite particles, pH-dependent charge distribution on the face and edge of
the particle, dissolution properties of the Laponite in the acidic medium, etc. The
particle-particle and particle-substrate interaction forces change their nature with

the pH of the suspension because of zeta potential of the substrate changes across
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the Iso Electric Point. The competition amongst the different forces like, convective
force, DLVO force, Marangoni forces, etc. which act during evaporation determines
the final patterns of the droplet. The drying droplet of aqueous Laponite particles
changes their pattern from a coffee ring at the border with multiple crack fractal
deposition to a uniform deposition, to aggregation of salt crystals at the interface.
PMMA being a hydrophobic substrate, the slower evaporation allowed for deposit-
ing a thick layer with periodic cracks at the periphery in an acidic range of pH.
On hydrophilic glass and quartz substrates, the deposition at the contact line was
not prominent as PMMA because of quicker evaporation of the droplet. Recrys-
tallization of salt is more dendritic on the hydrophilic substrate than hydrophobic
substrate in the regime of high pH. Collapsed cavitation pattern is noticed for acidic
pH on PMMA substrate which is absent for glass or quartz substrate in the same
condition. The collapsed cavities are bordered by a ring of salt crystals. These salt
crystals are formed in the inner wall of the cavity due to the slow evaporation of the
solution. The shell which slower the evaporation is formed due to the PS attraction

force for the PMMA substrate.
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Role of pH and concentration on des-
tccation crack of aqueous Laponite sus-

pension

4.1 Introduction

Interface cracking in the film of colloidal materials that develop upon desiccation
is an area of surface science that has been an active and interesting research topic
among scientists and engineers [1],[2],[3], [4], [5]. The importance of the study of
desiccation cracks and fracture growth is widely accepted because of its wonderful
application. It has been realized that we can produce different types of special tex-
tures on surfaces or cracks that can be controlled and tailored for useful nanofabrica-
tion. Crack patterns formed in drying in clay slurries have been studied in different
drying conditions with different clays. Several external factors, such as solvent and
solute [6], temperature [7], substrate [8], drying rate [9], layer thickness [10], and
effects of the external field like mechanical [11], [12], electrical [13], etc. affect the
desiccation crack formation. We have used Laponite clay for studying the desicca-
tion crack formation. Laponite gets ionized in an aqueous medium. In this chapter,
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we will discuss the much less studied factor: the role of pH on the desiccation of
Laponite suspension. The details of the Laponite particle and its characteristics in

pH medium have been discussed in Chapter 1 and Chapter 3.

The role of pH in the desiccation crack pattern in films of aqueous Laponite has been
investigated experimentally. The pH of the colloidal solution varied between 0.445
- 13.45. The crack pattern changed from fractal to a hierarchical tree-like pattern
as the solution pH changed from highly acidic to basic values. Cracks appear to be
suppressed around the pH corresponding to zero charges of the Laponite particle
in the solution. The changes in the crack pattern are analyzed for particle shape,
changes in surface charge distribution, and aggregation geometry. As colloidal par-
ticle concentration in a solution determines the solution’s net ionic strength, particle
concentration’s role in affecting desiccation crack patterns is also investigated for a
fixed pH. For a particular combination of pH and particle concentration, the lace-like

crystallization patterns were observed after the complete drying of the film.

4.2 Review of earlier related work

Several works on the desiccation of films of colloids or synthetic clay were done.
Synthetic clays are used because of their known structure and characteristics in dif-
ferent conditions. One of the famous synthetic clays is Laponite. We are concerned
about synthetic clay, specially Laponite clay, and its properties regarding desiccation
cracks. Desiccation cracks happen due to drying the sample on a surface. The film
cracks and may or may not be peeled off from the substrate. During the drying of
a film, there is a competition between cracking and peeling off the film. A simula-
tion study has shown that the competition is affected by the factor 'rate of drying’
and 'roughness of the substrate’ which affect the desiccation crack as well as the
peeling off the substrate [14]. A study of crack patterns in Laponite gel has been
done. The self-similarity of the patterns was studied regarding the crack width [15].
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The desiccation of Laponite film for different thicknesses was studied. Depending
on the thickness, the rate of drying and shrinkage of the film changes. In this case,
also the self-similarity has been analyzed concerning crack width [16]. Patterns of
desiccating films can be changed in character in a drastic manner by adding poly-
mer with Laponite. The composition of Laponite and polymer changes the pattern
from a fragmented network to a uniform film with no crack. The simulation study
justified the patterns [17]. Several studies have been done on the desiccation crack
pattern of Laponite clay in electric fields. Prof. Tarafdar and his group studied the
desiccation crack pattern of Laponite clay. In an aqueous medium, Laponite clay is
charged with a positively charged edge surface and a negatively charged face sur-
face. hence, it has a quadrupole moment which interacts with a nonuniform electric
field. They saw the crack starts from the positive electrode. The nonuniformity
of the electric field was along radially [18], [13]. The effect of the AC field on the
desiccation of the gel state of the Laponite particle was studied. The strength of the
electric fields affects the characteristics of the crack patterns. With increasing the
field strength, the bending of the crack increases with the curvature [19]. The effect
of the electric field was studied for the Laponite droplet which gives interesting and
highly reproducible results. Cracks appear after some dissipation of energy when a
continuous DC field is applied. They find some empirical relations which show that
Laponite clay has a memory of the field. The field strength reduces the microcracks
inside the macro cracks [20]. The memory effect of the electric field was studied for
Laponite particles. The electric field affects the crack pattern even after the field
is removed after some time. Hence it carries a memory. The time of first crack
appearance depends on the field strength and the time of exposure. This property
is explained through a model using fractional derivatives [21]. The effect of nonuni-
form DC and AC fields on Laponite clay was studied by several groups. For both
cases, the simulation was done using a randomized spring network model to explain
the crack patterns observed under an electric field [22]. Crack always start from the
strong end of the field. If the field strength and frequency are varied, the cracks
tend to curve in the direction normal to the external field. [23]. The effect of crack
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patterns of aqueous Laponite suspension is affected by NaCl salt. The crack pattern
of aqueous Laponite-NaCl composition is studied on different substrates. The crack
patterns induced by NaCl depend on the nature of the substrate. Another impor-
tant observation was the crack pattern of this system under an electric field. NaCl
has an important role in crack inhibition of aqueous Laponite in the presence of an

electric field. This property can be used to suppress undesired cracks [24].

Aqueous laponite gel shows interesting tree-like crack patterns under a uniform DC
field in a rectangular slab. Cracks emerge from the positive terminals and end to the
negative electrode. The nature of the branched cracks looks like a hierarchical tree
pattern [25]. Near the positive electrode, there are numerous peds with sizes varying
from smaller to larger. The size of the peds increases gradually towards the negative
electrode. A power law is obtained from the plot of the cumulative distribution of
the ped’s number up to a limiting area. This suggests the fractal properties of the
observed pattern [26]. Magnetic-driven crack formation is seen in some magnetic
colloids like, ferrofluid. Magnetic field changes the stress generated in the formation
of gel and modifies the crack formation [27]. Crack pattern formation on ellipsoidal
colloidal suspension is affected by the magnetic field. Orientation of the particles
near the crack is aligned along the magnetic field [28]. Also the vibration can affect
the crack pattern. The crack pattern in the paste can be controlled by external
vibration which converts the perpendicular cracks into parallel in the direction of
vibration [12]. Normally densely packed paste memorizes the external mechanical
effect. Matsuo and his group found a charged paste that cannot remember the flow
direction. If the charges of the paste are shielded by sodium chloride to screen the

coulomb interaction, then the paste can remember the flow direction [11].
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4.3 Materials and Experimental Methods

Pure Laponite and deionized water are used throughout the experimental studies.
37% HCIl and NaOH beads are used to vary the pH of the suspension. Two sets
of experiments were done. To vary the pH of the aqueous suspension, the required
amount of HCI or NaOH beads is added to 20 ml of water and kept undisturbed for
30 minutes. 1.2 gm of Laponite powder is added to the 20 ml of water while it is
on a magnetic stirrer and stirred for 30 seconds. Immediately after the preparation
of the suspension, it is poured onto a polypropylene petri dish of 7.25 ¢m diameter

and allowed to dry.

The second set of experiments is to study the desiccation pattern of aqueous Laponite
with varying concentrations for a fixed pH value of ~ 13.5. In order to gain this
pH 0.3 gm of NaOH beads are added to 20 ml of deionized water and kept standing
for 30 minutes. This water is used to prepare the suspension following the same
preparation protocol and the prepared suspension was poured into a polypropylene
petri dish of diameter 7.25 cm. Concentrations (w/w) of the suspension varied from
2% to 10%. The uniform films are allowed to dry in the relative humidity and

temperature 30-35% and 21 — 25°C respectively for both sets of experiments. We
1000kg

m3

have considered the concentration of water as

Special care was taken to maintain the constancy of the initial thickness of the film.
The same volume of prepared suspension was poured into the petri dish to fix the

constant thickness.

The photographs of the dried films were taken by a digital camera, Canon700D for
further analysis. ImagePro software was used to study the fractal nature of the dried

films with crack patterns.

The conductivity of the suspensions was measured with a digital conductivity me-
ter having platinum electrodes with an accuracy of + 2 micro-siemens. pH of the

suspension was measured with a digital pH meter having a hydrogen ion reversible
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Figure 4.1: Desiccation crack patterns of aqueous Laponite suspension with
varying pH. a)0.445 b)0.765 ¢)1.68 d)3.43 €)5.93 {)6.73 g)9.25 h)12.25 i)13.05
j)13.45

glass electrode. Both the pH meter and conductivity meter are of Systronics. SEM
and EDAX were done using the dry and unpolished portion of the dried film.

4.4 Results and discussions

4.4.1 Variation of pH

The desiccation crack patterns form in an aqueous Laponite film of thickness 4.8
mm on a Polypropylene Petri dish is shown in Fig.4.1 for varying pHs ranging from
very acidic to basic pH. We notice the prominent distinction of the patterns of the

dried films in two different regions acidic and basic. In the acidic range, the films
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show an opaque white appearance that changes to clear glassy looks at the basic pH
range. Around the neutral pH 6.73, the film has translucent quality adhered to the

substrate. We will discuss the two distinct regimes in two sections.
Films at the acidic pH range

At pH=0.445, the film has a white opaque appearance with a larger unbroken area
surrounded by crack peds at the periphery of the petri dish. At this low pH, the
maximum of the Laponite particles disintegrate because of high H* concentrations.
When the pH increases to 0.765 the large unbroken area disappears and crack peds
appear in its place which is distinctly more prominent in size. At the pH range
1.68 to 5.93, Fig.4.1(c-e), the cracks become smaller in size with numerous. At
this highly acidic pH, the cracks look like wavy edges at the peds. When the pH
increases, at pH=>5.93, the crack peds get larger in size and the edges become linear.
Also, the peds start curling up around the boundary of the petri dish. In the films
near the neutral pH of ~ 6.73, the peds become more prominent with a polygonal
shape, Fig.4.1f. Examination of Fig.4.1, the textures of the films at the acidic pH
range show uneven grainy surface textured on the peds with wavy edges. The grainy
surface is most probably due to the aggregation of Laponite. At this pH range, the
excess H' ions disintegrate the Laponite particles leading to the leaching lots of
M g** ions in the solution. The excess M g¢** ions may inhibit the coagulation of the
Laponite particles which increases the haziness of the suspension. Laponite particles
possess a positively charged edge surface and a negatively charged face surface at
the acidic medium. The Laponite particles form an attractive gel forming a house-
of-cards structure with the attraction between the positive edges of one particle to
the negative faces of another particle. Hence the particles form an aggregation in
such a way that the cracks cannot propagate by breaking the structure and, uneven
wavy edges of the peds appear, Fig.4.4a. This is responsible for the fractal edges
of the crack peds. The fractal dimension of the peds increases from 1.1 to 1.6 with

decreasing the acidity of the suspension.
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Figure 4.2: Area versus perimeter curve of the peds of the films for different
pHs. a)pH=0.765 b)pH=1.68 ¢)pH=13.05 d)pH=13.45

Film at the basic pH range

At this pH range, the films show different patterns. At pH=9.25, Laponite particles
acquire this pH in an aqueous solution of 6% concentration, which shows crack peds
are fewer in number with a linear edge. Not only that, the peds are almost peeled
off from the substrate, Fig.4.1g. At pH=12.25, a dramatic appearance is seen where
almost total absence of crack is seen Fig.4.1h. The Iso Electric Point (IEP), the point
of zero charges for Laponite particles is at pH 11.5 and the connection of the absence
of a crack at this pH is notable. The point of zero charges for the broken crystal of
Mg(OH)s indicates that the charges on the edges of the Laponite particles change
from positive to negative in this pH range. Laponite particles behave as repulsive
glass where the particles are suspended without touching each other. Now the crack
lines propagate linearly to form a straight edge of the peds, Fig.4.4b. When the
pH increases beyond the value of 13, the film patterns change distinctly. The peds
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13.45 1.13 -43.154
2 | I T I T
Fractal dimension 1
L8 cannot be ]
16- determined |
o 7 ‘ ' ee—— .
lL4r -
1a- i
by ' 3 ' TR 15
pH

Figure 4.3: Variation of fractal dimension of the crack interface dy with pH.

Films of the pH range 3.43 to 12.25 are peeled off from the substrate. Calculation

of dy in this pH range is uncertain. The uncertain region is marked by an arrow
line.

become polygonal in shape with radial hierarchical patterns with linear edges. The
linear edge of the peds is noticeable at the pH=13.05, Fig.4.1i. At first cracks develop
at the peripheral edge and join to the arterial one to make a Cayley Tree-like pattern
and rounded in triangular form. At pH=13.45, the crack peds change to equispaced
polygonal peds, Fig.4.1j, where the peds strongly adhere to the substrate. Fractal

dimension can be measured for this desiccating film.
Characterization of the films

Several measurements have been done to characterize the films. The wavy nature of
the edges of the peds in an acidic medium suggests the fractal nature of the textured
having fractal dimensions between 1 and 2. At a high pH range, the film changes
its appearance from an opaque surface to a clear glassy look. Fractal dimension

has been measured with area perimeter curve as shown in Fig.4.2. In the cross-over
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Line of crack

Figure 4.4: a)Schematic diagram of the crack formation of the films around a
house-of cards structure at pH value < 11.5 b)Schematic diagram of the crack
formation of the films around a stack-coin arrangements at pH value > 11.5

region between opaque appearance to clear hierarchical pattern, area, and perimeter
measurement was not possible by ImagePro software because the peds are peeled off
from the surface. The crack perimeter along the peds and the area of the peds were
measured with ImagePro software. The interface fractal dimension d; is measured

from the slope of the area-perimeter plot, Fig.4.2 using the relation given by [17]

where S is the slope of the area perimeter curve. The variation of the fractal dimen-
sion with the pH of the suspension is shown in Fig.4.3. Muthukumar estimated the
fractal dimension by analyzing the relaxation exponent [29] at the critical gel point

of the gel system using the relation,

(2n —d)(d+2)
2(n —d)

dy =

where n is the inverse of the relaxation time [30], [31]. Using the above relation,
we have estimated the critical coefficient in Fig.4.3. d is the dimension of space,

here taken as 3. Note the table given in Fig.4.3, which shows that the relaxation
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exponent decreases with an increase in pH value. This suggests that the strength of

elastic modulus increases compared to viscous modulus.

The time taken to crack the first time, ¢; for the film is noted during experiments
and plotted with the pH values, Fig.4.5b. t; decreases with an increase in the pH
value of the suspensions. For highly basic pH average time taken to crack first-time
is almost constant. Fig.4.5¢ shows the variation of ionic conductivity with respect
to the pH value of the aqueous Laponite suspension. It shows the minimum value
at the pH value of 7. As the pH value decreases below 7, the leaching of M ¢** and
Li* ions increase the ionic density. As pH increases above 7, the ionic concentration
of negative charge increases which increases the conductivity. To characterize the
crack pattern in the basic pH region, we have plotted the number of peds with pH,
Fig.4.5a. The curve shows the minimum value at pH ~ 11.5, which indicates the

point of zero charge.

4.5 Effect of concentration variation on the crack

pattern

The concentration of clay plays an important role in the cracking of a film. Viscos-
ity increases with increasing solid concentration [32]. The rate of gelation of clay
increases with solid concentration. An increase in solid concentration increases the
ionic strength which reduces the energy barrier due to electrostatic repulsion be-
tween the faces of the Laponite particles. Fig.4.6 shows the crack patterns obtained
for different concentrations varying from 2% to 10% of aqueous Laponite at pH 13.4-
13.6. At this pH, the Laponite particle possesses both the face and edge negatively
charged. The microstructure of the particle shows the stack coin arrangement to
form the structure as repulsive glass. Examining Fig.4.6a, the film at a concentra-
tion of 2%, an opaque space is seen in the film. The microcracks are linear whereas

the microcracks of the film at pH 0.445 shown in Fig.4.1a, are wavy in nature. The
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Figure 4.5: a)Variation of ped number of the films in the basic range of pH.
b)Variation of time of first crack appearance of the films with pH. c¢)Variation of
Conductivity of the suspensions with pH.

cracks are disjoint with each other and didn’t form enclosed peds. This is in accor-
dance with our expectations because of the stacked coin-like arrangements of the
particles at high pH. A striation is seen on the film near the periphery of the petri
dish. At a concentration of 3%, the cracks are prominent but disjoint with each
other without forming an enclosed ped. The striations are seen where the films are
adhered to the substrate. The central portion of the film peels off from the substrate
where as the films near the periphery are adhered to it. This is the reason for the
irregular crack formation in this case. At concentrations 4% and 6%, the cracks are
seen like a radial hierarchical pattern where the cracks develop from the periphery
towards the center. The arterial cracks join the primary cracks to form a hierar-
chical pattern. Maximum cracks occur at 6% concentration and the film becomes

opaque. After this concentration, opacity as well as the cracks start to decrease.
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Figure 4.6: Desiccation crack pattern of aqueous Laponite suspension on
Polypropylene petri dish of diameter 7.25 cm. (a)2% (b)3% (¢)4% (d)6% (e)8%
(£)10%.

The crack’s width becomes wider and polygonal in shape. The films strongly adhere

to the substrate at high concentrations.

Fig.4.7a shows the variation in the total crack length and the total number of peds
that appeared after the complete drying of the film. Note that the maximum crack
occurs at the concentration of 6%. We suggest this concentration as a threshold value
for the maximum crack length and maximum in ped number. The maximum crack
length and number in peds are due to small aggregates of the particles. However,

the larger aggregates are responsible for wide cracks with well-defined boundaries.

Fig.4.7b shows the variation in the time of the first crack appearance at the film
with the concentration of the suspension. It clearly shows that it decreases with
increases in concentrations. The decrease in time of first-time crack-appearance t;

follows the quadratic relation of concentration ¢ as below,
t = Ac + BC2
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where A and B are the system constant.
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Figure 4.7: a)Variation of total crack length and ped number with the concen-

trations of the suspension. Solid green points represent the number of peds and

open blue circle represents the crack length. b)Variation of the first crack appear-
ance time with the concentrations of the suspension.

This can be explained by two reasons. Firstly, when the concentration of the par-
ticles are high, the aggregates have a greater chance to arrange themselves in the
form of a stacked coin-like arrangement during gelation, Fig.4.4b. The regular ar-
rangement decreases the amorphous state of the film. This arrangement decreases
the homogeneous relaxation of stress that happens in a disordered system. Due to
the regular arrangement of the film, the stress builds up along a particular plane
that cracks easily. The second reason is the films strongly adhere to the substrate
at higher concentrations. At lower concentrations, the ionic strength is compara-
tively low because of the DLVO force between the substrate and particles. At lower
concentrations, particle-substrate interaction is repulsive, and hence the films tend
to peel off from the substrate by releasing a substantial part of the stress that ac-
cumulates during desiccation. On the other side, when the films are adhered to the
substrate, the stress develops along the film radially and release as an appearance
of the cracks. Another observation is the decrease in opacity of the films with an
increase in concentration. This can be explained by the decrease in ionization of

carbonic acid to release H' ions.
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Figure 4.8: Desiccation crack formation of aqueous Laponite suspension of pH
13.3 on Polypropylene petri dish with varying thickness. (a)0.30 cm (b)0.35 cm
(¢)0.40 cm (d)0.45 cm . The diameter of the petri-dish is 7.25 cm.

Initial height of solution(cm) Crack length (cm) No of peds

0.30 40 22
0.35 37.9 20
0.40 40.02 22
0.45 53.31 41

Table 4.1: Effect of variation of initial thickness of the film

4.6 Effect of variation of film thickness

The variation in film thickness can cause a difference in the final crack pattern [10],
[33], [34]. Serious care was taken to maintain the thickness of the film constant
during the experiment. Despite the precaution regarding the maintaining constancy
of film thickness, the final films may vary the thickness because of the variations

in the concentration. We have tried to explore, how the thickness of the initial
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deposition affects the final deposition pattern of desiccating film. To check this,
an aqueous solution of Laponite at pH 13.3 with a 6% concentration is used. The
thickness of deposition is varied from 0.3 to 0.45 cm on a petri dish of polypropylene.
The final patterns of the dried film are shown in Fig.4.8. No such differences are
seen in the films except for the peeling off from the substrate in the case of an initial
height of 0.35 cm. The number of cracks peds and the number of crack lengths are
obtained from the dried film as shown in table 4.1. only a variation of 50% of the

initial thickness shows a significant difference in a dried film.

Figure 4.9: Absence of crystallization pattern at relative humidity of a)30%

b)40% d)65%. c) Crystallization pattern at relative humidity 48%. Different

magnified portions of the lace pattern are shown. 1) On the branch portion 2)

Transparent portion between two branches 3) Lawn portion 4) Lawn portion from
where it starts branching.

4.7 Lace crystallization pattern

Our experiment shows controlled evaporation of aqueous Laponite for a particular

pH, developing a lace-like crystallization pattern after complete drying of the film.
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When the aqueous solution of Laponite of 6% concentration is allowed to desiccate
at relative humidity 50% + 5% and temperature 20 — 25°C, the lace crystallization
pattern is observed, Fig.4.9c. The formation of such crystallization is very sensitive
to relative humidity. Other than the mentioned humidity, lace crystallization is
not observed. The lace pattern disappears at higher concentrations. SEM image
and EDAX have been taken for the different portions of the lace pattern. Fig.4.10
shows the SEM image and EDAX of the branch/lace portion and the base portion
between the branch, shown in Fig.4.9c. EDAX of the branch shows the maximum
contributions are from Na and O and the crystals are most probably NaOH. SEM
image reveals the ellipsoidal crystal. It is to be mentioned that the evaporation of
aqueous NaOH solution with the same conditions does not show such crystallization.
So, we can argue that Laponite is the candidate, that is responsible for such a
pattern. On the other hand, EDAX shows, the maximum contribution for the base
portion comes from Si, O, and Mg. The SEM image and EDAX for the lawn-like
portion and the part, where the lawn portion starts to branch, (Fig.4.9¢) have been
shown in Fig.4.11. The EDAX of that portions shows identical compositions but
SEM images show some interesting differences. In the Lawn portion, part 3 of
Fig.4.9c are most probably the NaOH crystals. The crystals are brought together
with each other. In portion 4 of Fig.4.9c, the NaOH crystals start to align themselves,
Fig.4.11.

A lace-like crystal formation is very sensitive to ambient conditions, the pH of the
suspensions, and the concentration. A particular combination of the factors enables
the crystallization of Na salt on the bed of the Laponite particles, which are leached
to act as a seed in the formation of the crystal. Humidity controls the evaporation
rate and a suitable evaporation rate helps the salt ions to gain the critical level of

saturation that enables crystal seeds to form.
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Figure 4.10: 1) Horizontal images at the top show the SEM and EDAX of the
Branch portion as shown in Fig.4.9c. 2) Horizontal images at the bottom show the
SEM and EDAX of the base portion between two branches as shown in Fig.4.9¢

4.8 Conclusions

Desiccation crack patterns of aqueous Laponite particles show interesting patterns
with the variation of pH of the suspensions. The different patterns are explained
based on the anisotropic shape of the particles and the nature of charge distribution
on the face and edge of the particles which depends on the pH of the medium.

Important findings from this work are as follows.

At lower pH, the films exhibit crack patterns with the wavy edge of the peds with
the grainy surface. The house of cards structure manifests the fractal nature of the
surface. The film’s opacity is attributed to the leaching ions and strong aggregation
of the particles. At higher pH, cracks are polygonal in shape with even edges. The

stack coin arrangement of the particles is the reason for the linear crack of the film.
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Figure 4.11: 3) Horizontal images at the top show the SEM and EDAX of the
lawn like portion as shown in Fig.4.9¢. 4) Horizontal images at the bottom show

the SEM and EDAX of the lawn portion from where it starts branching as shown
in Fig.4.9c

At pH ~ 12, the absence of crack correspondence to the point of zero charges or the

Iso Electric Point of the Laponite particles.

When the suspension pH > 13, the concentration of the suspension can affect the
crack pattern greatly. At lower concentrations, the cracks are linear but disordered.
At higher concentrations, the cracks become ordered and the peds become polygonal

and fewer in number. Also, the cracks are wider than at the lower concentration.

Dissolution of the Laponite particles is affected by the concentrations of the Laponite

particles which affect the crack pattern and the opacity of the film.

For a critical combination of concentration, pH, and a small range of relative hu-

midity, the desiccated films of Laponite particles show the crystallization of salts.
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Fabrication of Transparent Conduct-
ing Sheet tailoring the pH-regulated

desiccation crack network.

5.1 Introduction

Over the last two decades, scientists and researchers have invested much time and
money in fabricating Transparent Conducting Sheet (TCS). The vast applications of
TCS like Touch screens, solar cells, transparent heaters, etc. have drawn the atten-
tion of researchers and engineers [1], [2], [3]. Fabrication of Transparent Conducting
sheet tailoring the pH-regulated desiccation crack network is new idea at all. All
the applications need a high score for the efficiency of transparency and effective
electrical and/or thermal conductivity. The challenging parts of this fabrication are
maximum transparency as well as maximum conductivity. Achieving the maximum
efficient TCS is compacted by some serious constraints of the brittleness [4] of the
films, limited transparency near the infra-red region of the spectra [5], and high cost

[6].
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Different mechanisms are adopted to fabricate the transparent film. Sometimes
desiccation cracks are used to obtain the desired network to obtain the TCS. Our
objective is to make a low-cost and easily functional transparent film of desired
conductivity and transparency. In this chapter, we propose a novel technique for the
fabrication of TCS by modulating the crack network geometry. The crack network
of the desiccated films which act as a template were changed vividly by changing the
pH of the suspension. The desiccated crack networks can be changed by changing
the pH of the suspension from very acidic to basic [7], [8]. Graphite powder of the
order of a few pm is used as conducting material for filling the network. The use of
graphite powder as the conducting part of the film lowers the expensive cost of the
fabrication. The cost of conducting film has been addressed by the use of graphite
powder deposited uniformly in the crack network. Hence this makes it economically
feasible. The graphite powder has a lower chance to diffuse in the active material,

unlike some metals which are used often to fill the network.

5.2 Review of earlier related works

Several mechanisms of fabrication of TCS have been explored in the last few years.
Han et al invented a bio-inspired network for modern optoelectronic devices having
high mechanical strength with good conductivity. They have invented two different
networks for different applications. The networks are invented from leaf venation by
chemical extraction and by metalizing spider’s silk web [9]. Transparent electrodes
are essential components for solar cells or touch screens. Metal-based deposition,
such as I'TO, has brittleness properties. A facile fabrication method of generating a
network and metal-based nanotrough network is proposed [10]. Most of the metal-
based network fabrications are high-cost. High-performance electrodes with low cost
have been proposed using copper nanofiber. Cu wire has been used as an alterna-
tive to the very commonly used ITO. Highly interconnected cu wires have been

fabricated on polyethylene terephthalate surface which exhibits low resistance [11].
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The main advantages of copper nanofiber are highly flexible and stretchable [12].
Heaters with transparent plates or sheets have many applications in optoelectronic
devices. Recently many advanced methods have been proposed in making trans-
parent conducting electrodes based on different materials such as CNTs, graphene
nanopowder, oxide nanoparticles, metal nanowires, metal meshes, and their hybrids
[13]. The flat, flexible, and curved conducting film was prepared by spray coating
Ag particles by vacuum evaporation with a crackle precursor on the desired net-
work on a surface [14]. Lithography techniques have been invented to fabricate
highly oxidation-resistant transparent conducting film. Roll and spray process by a

solution process was used in crackle lithography process [15].

Desiccation cracks are narrow with the width of the cracks of the order of pm or
less. These cracks on a transparent substrate are often used to generate transparent
film by filling the crack network with metal atom deposition. In this context, it has
focused on the suitable cracked network for making it most effective. Desiccation of
a colloidal layer can result in cracks on a substrate because of stress developed due to
solvent evaporation. A suitable mixture of solvent, water, and isopropyl alcohol of a
colloidal suspension generates dense and narrow cracks on a transparent substrate.
These crackle patterns are used as sacrificial templates to obtain metal meshes on
this transparent surface [16]. The main challenging part of this fabrication is the
high conductivity with good transparency. To find the optimal condition for maxi-
mum efficiency, a simulation study of the three-dimensional case has been done [17].
Recently some work has been done to study the topological properties against the
electrical conductivity. Computational approaches revealed that electrical conduc-
tivity is proportional to the square root of the number density of cracks [18]. Cracked
film lithography (CFL) is often used to fabricate metal grids for transparent contact
in optoelectronic devices. CFL is basically controlled by the thickness of the film
which modifies the areal crack density, crack spaces and width, etc. The modified

template determines the final resistance of the template and transparency [19].
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5.3 Fabrication of transparent conducting film by

modulating the desiccation crack.

In this chapter, an interesting approach to designing network templates for the
fabrication of TCS has been proposed by controlling the pH of the aqueous colloidal
suspension. The pH of the aqueous Laponite suspension has been varied from 7.8 to
12.7 to design the different geometries and connectivity of the crack template on a
glass substrate. The crack network was filled with micron-sized graphite powder by
slow evaporation from the network. The conducting film is prepared after removing
the clay completely. The resistance, reflectance, transmittance, and figure of merit
have been analyzed in association with the pH of the suspension. Optical properties
and electrical response are correlated to the topological measure where the graphite

powder response for selective transmittance at certain pH values.

Euler characteristic is an important tool in algebraic topology and polyhedral com-
binatorics. It was originally defined for a polyhedron and is usually applied to prove
various mathematical theorems. The original formula that was first used for poly-

hedrons is defined by

X=V-E+F (5.1)

where V| E, and F represent no of Vertices, Edges, and Faces of a polyhedron [20].
This equation is known as Euler’s polyhedron formula. For convex polyhedron y = 2,
the simplest form of the equation for convex polyhedron becomes V-E+F=2. We are
concerned here with binary images which are planners. Euler characteristic is very
important because of its practical application. Its additive property allows analysis
at a local level while drawing global inferences. We are interested in calculating

from tessellations of binary images using the formula
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where N, and N, are the number of white clusters and the number of black clusters
accordingly [21]. The connectivity of the crack networks is addressed by the impact

of x for colloidal suspensions of different pH.

The electrical tortuosity 7. [22] of a conducting path for a charged particle is defined
as the first order [23], the mean free path 1, travelled by the particle through the
sample normalized by the sample characteristic length L i.e. 7.=1/L. The resistance
of the TCS is controlled by the tortuosity of the sample for different pH of the
suspensions. So, the tortuosity, resistance, and pH of the suspensions are correlated
with each other. The optical properties of the conducting film have been studied
as a function of pH and have been characterized concerning their response in the
wavelength of visible range. We have shown TCSs can behave as filters at certain
pH values at wavelength 540nm. This work provides a simple and cost-effective
process to fabricate transparent conducting films of particular optical and electrical

properties.

5.4 Fabrication method of Transparent Conduct-
ing Sheet (TCS)

Aqueous suspension of Laponite clay has been prepared following the preparation
method faithfully. The desiccation crack network of aqueous suspension of Laponite
clay has been obtained only in the basic range of pH. In order to change the pH,
the required amount of NaOH or 37% HCI was added to 20 ml of water and kept
for 30 minutes. 1.2 gm of Laponite powder is added to this water and stirred for 1
minute with a magnetic stirrer. Immediately after the preparation of the suspension,
the sample is poured into a glass Petri dish which is already cleaned with extran
detergent as well as acetone. The film was allowed to dry in an ambient condition of
temperature 22 — 28° degrees and 40 — 46% relative humidity. Crack templates were
prepared for different pHs in the basic range: 7.8, 8.7, 11.2, 11.8, 12.2, 12.5, and
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12.7. Width of the cracks obtained from these films are in the range of pm. Crack
templates obtained in the desiccation of aqueous Laponite suspension are used to
fabricate the TCS. Width of the cracks can be obtained from this suspension in the
range of nm at the acidic range of pH. However, the films in the acidic range are too

brittle to be used for the fabrication of TCS.

Images of the crack network were taken by a NikonCool camera with a resolution
of 1280 x 720. pH of the suspension was measured with a digital pH meter. Image
analysis of the crack networks and peds was done by ImageJ software. The results

reported in this section are performed at least 3 times for confidence.

A 2% concentrated graphite powder (from Merck; size ~ 20um) suspension with
the solvent 1,2 dichloroethane was prepared using an ultrasonicator. The solution
is stirred for 30 minutes by an ultrasonicator to get a homogeneous suspension.
Immediately after the preparation of the suspension, it is poured into crack geometry
very carefully until the full network is filled up with the graphite suspension. The
film with this suspension is kept standing to ensure homogeneous sedimentation due
to gravity and evaporation of the suspension from the network. As the cracks are of

the order of um, there is no chance to set up turbulent motion inside the crack.

Once the suspension dries completely, the film of Laponite is removed carefully
without touching the network which is filled with graphite. The resistance of the TCS

is measured with a multimeter diametrically for different positions and averaged.
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Figure 5.1: Flow chart: Image processing procedure of a crack template
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5.4.1 Determination of optical properties of TCS

The optical properties, reflectance, and transmission for every TCS corresponding
to all pHs were measured with MEEP (MIT Electromagnetic Equation Program)
software. MEEP is an open-source software that simulates electromagnetism using
the finite-difference time-domain (FDTD) method [24]. A necessary input for this
software is a good-quality binary image. We have converted the images of TCSs for
all pH into binary by ImageJ software. The flow chart followed in this procedure
is shown in Fig.5.1. The thresholding of the grayscale should be chosen wisely for
faithful binary images of the real images. All the measurements done by the MEEP
software use these binary images. The important input for optical measurement is
the refractive index of glass and graphite which are 1.5 and 2.71 respectively [25].
Reflectance and transmission of the TCSs are measured for normal incidence of the

electromagnetic wave i.e. § =0

5.5 Result

Transparent Conducting Sheets are obtained from the crack network formed in the
desiccation of Laponite suspension and the networks filled with graphite are dis-
played in Fig.5.2. The crack network geometry depends on the pH of the suspension
strikingly. There is a circular crack along the periphery of the petri dish correspond-

ing to every pH due to stress developed because of the boundary.

Crack networks formed in the pH range of 7.8-11.8 are more random than the crack
patterns formed at pH 12.7. The cracks are more ordered and the outlines are linear
at pH 12.7 as shown in Fig.5.2g. The hierarchy of the patterns is evident here. The
primary cracks start from the boundary while the secondary cracks form from the
boundary and meet with the primary cracks at the T junction with a narrower crack
comparatively. Tertiary cracks originate from the secondary one with the thinnest

crack. The different hierarchies of the cracks are shown in Fig.5.2h with different
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Figure 5.2: Images of the TCSs obtained from the crack template formed with

the pH values (a) 7.8 (b) 8.7 (¢) 11.2 (d) 11.8 (e) 12.2 (f) 12.5 (g) 12.7 (h)The

hierarchical crack patterns are displayed for pH value 12.7. The black dotted lines

represent the primary cracks, the red dashed lines represent the secondary cracks
and the green lines are for tertiary cracks

colors. The minimum cracks are seen around pH 12, Fig.5.2(e-f), which corresponds
to the Iso-electric Point of the Laponite particle. The cracks of nm order can be
obtained from the films at acidic pH range. Nanometer order cracks can be obtained
by drying thinner films slowly. However, the crack peds at the acidic range are too
brittle to use for the fabrication of TCS. In this work, pH is the crucial point in
designing crack geometry on a transparent slab to fabricate TCS. The optical prop-
erties of the TCSs are calibrated as a function of suspension pH. The variations of
the transmission (T) and reflectance (R) of the TCSs are evaluated using MEEP
with the pH of the suspension shown in Fig.5.3 a and b respectively. The average

resistance of each TCS has been measured along diametrically for different positions.
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The variation of the resistance with the suspension pH has been shown in Fig.5.4a.
Variation of pH changes the crack network of the template vividly. So, the connec-
tivity of the TCS is a function of pH. We have measured the topological invariant,
Euler characteristics, and tortuosity of the network and addressed the variation of

these measurements with the pH of the suspensions shown in Fig.5.4a and b.

5.6 Discussions

A close look at Fig.5.2 reveals that the cracks formed in the pH range 7.8-11.8 are
more random than the crack formed in pH 12.7 where the cracks show hierarchy and
linear crack. The nature of charge at the rim turns to negative from positive around
the pH value 11.5 which corresponds to the point of zero charge [26], [27]. Around
this pH, the Laponite particles change their structure of aggregation from a house

of cards structure to a stack coin arrangement as shown in Fig.4.4(a and b).
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Figure 5.3: Variation of optical properties of TCSs with wavelength in the visible

region. a) Variation of Transmittance of the TCSs with wavelength. b) Variation

of Reflectance of the TCSs with wavelength. ¢)Variation of total total crack length
and resistance with pH of the suspension.

Examining Fig.4.4a shows that the crack line cannot propagate by breaking the ag-
gregates and the cracks are more random. This causes the random mosaic structure

of the crack template at this pH range. However, the Laponite particles above this
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pH behave as repulsive glass by arranging themselves in stack-coin arrangement as
shown in Fig.4.4b, where the Laponite particles are suspended without touching each
other and the cracks propagate along the stack structure to form the straight crack
line. TCS obtained by prudent adjustment of the suspension pH shows interesting
properties while measuring the optical properties like transmittance and reflectance
using MEEP. The transmittance shows a maximum value at 0.54um wavelength and
dwindles at either side of that wavelength throughout the visible spectra for the pH
values 7.8, 11.2, 11.8, and 12.7. As expected, the reflectance of the TCS for the
mentioned pH value shows a dip at the wavelength 0.54um and gradually increases
on either side. A comparison of the crack networks shown in Fig.5.2 shows that
the crack density is high for the pH values 7.8, 11.2, 11.8, and 12.7 which is is re-
flected in Euler Characteristic measurement. The more negative values correspond
to the pH values other than 7.8, 11.2, 11.8, and 12.7. The high transmittance of
the TCSs corresponding to pH values 7.8, 11.2, 11.8, and 12.7 can be attributed
to the high-density crack network filled with graphite. Similar reflectance minima
at 0.54pm wavelength was reported for graphite flakes in the plane (001) plane by
Kwiecinskn et. al which supports our claim [28]. So, the transmission value of the
TCSs is uniformly high for the entire wavelength range in visible spectra for the pH
values 8.7, 12.2, and 12.5 while the reflectance is uniformly low. Thus, the TCSs
fabricated with graphite can be used as a filter of green-blue light of wavelength
0.54pm tailoring the crack template by adjusting the pH value of the suspension.
Similarly, graphite TCS can be produced for transmission of the entire wavelength

of visible spectra by adjusting the pH of the suspension at 8.7, 12.2, and 12.5.

All the TCSs prepared by the modulation of pH of aqueous Laponite have a single
connected path through the network as there is no isolated crack in the sample.
So, the number of black clusters, N, in eqn.7.4 is one in all cases. That’s why
the calculated value of x is negative in all cases. The more negative value of y is
indicative of more fragmented interfaces because of the increase of the unbroken ped.

Examining Fig.5.4b shows that y ~ 0 for 12.5 pH having average resistance is low
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desiccation crack network.
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Figure 5.4: a)Variation of resistance and tortuosity with pH b)Variation of Euler
number of TCS with pH c¢) Variation of transmittance of the TCS at 0.54um
d)Variation of Figure of Merit with pH

while y is negatively very high and the resistance value is 40kS2 of pH 8.7. Thus,
a greater branched template may be useful for touch screens but the resistance is
high. Though the variation of resistance and Euler characteristic with the pH shows
similar trends, the optical transport would choose the easiest path of the crack
network. The tortuosity of a plane can be defined as the ratio of the mean free path

to the characteristic length i.e.

The fabricated TCS are planer circles in this case. We take the mean free path
as the shortest path through the crack geometry and the characteristic length is
replaced by the total crack length. The shortest and easiest path travelled by a
charged particle in a planar circle is along its diameter. At 7 = 1, is the most

efficient electrical mode of transport. To investigate the mutual relation between
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tortuosity, resistance, and pH of the solution we have calculated the tortuosity for
each pH and plotted the variation of tortuosity and resistance with pH in a single
plot as shown in Fig.5.4a. Although the two graphs don’t follow the exact pattern,
the trends of the graphs are almost the same which means there is dependency of
resistance to the connectivity of the network. The efficiency of a conducting sheet

is often measured by the Figure of Merit which is defined [29] by

e 188.5
 R(1/VTy5—1)

(5.3)

where 7.5 is the transmittance at the wavelength 0.5um. the variation of Ty 5 and
figure of merit, F is plotted against the pH of the suspension in Fig.5.4(c and d).
From Fig.5.4d, the maximum performance occurred at pH > 12 which indicates
the optimal DC connectivity at this pH range. Fig.5.3a shows the sharpness of the
transmission at pH 12.7 for wavelength 0.54um which is indicative of a sharp fall of
the figure of merit. To understand the behavior of F at pH 12.7, we have calculated
the total crack length of the sheet and plotted with pH value Fig.5.3c, which shows
the maximum length is at pH 12.7. Thus, maximum conducting line of graphite
density occurs at this pH value. Since the graphite shows the sharpest transmission
at 0.54um wavelength, the Figure of Merit falls sharply at this pH value. Spectral
properties of the films are supposed to depend on the angle of the incident as ex-
pected from the disordered aperture structures [30], [31], [32]. This can help us to
avoid the unjustifiable gleaming in the application of wide-angle displays. Our ex-
periments help us to conclude that the most efficient TCS fabrication happens at the
pH value 12.5, where the desiccated crack template shows minimum fragmentation
with the least resistance and uniform transmittance at 0.54um with a high Figure

of Merit.
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5.7 Conclusion

The desiccation crack network geometry of a glass sheet has been changed by mod-
ulating the pH of the suspension for the fabrication of a Transparent conducting
Sheet. The crack network geometry so obtained by varying the pH of the suspen-
sion from almost 7 to 13 which serves as a template for the graphite network. The
TCSs are calibrated for resistance as a function of pH. The connectivity of the net-
works has been measured in terms of the Euler characteristic and tortuosity of the
sheet and we conclude that the similar variation of tortuosity and resistance is a

function of pH.

The optical properties of the TCSs are measured for the wavelength range of visible
spectra. The transmittance of the sheets is maximum for the wavelength 0.54pum
and dwindles at either side of that wavelength throughout the visible spectra for
all the pH except 8.7, 12.2, and 12.5. As expected, the reflectance of the sheets is
minimal at the wavelength of 0.54um and increases gradually on either side of the
spectra. Thus, the TCSs fabricated with graphite can be used as a filter of green-
blue light of wavelength 0.54um by adjusting the pH value of the suspension to get
proper crack geometry. Similarly, graphite TCS can be produced for transmission
of the entire wavelength of visible spectra by adjusting the pH of the suspension at

8.7,12.2, and 12.5.

TCSs fabricated by modulating the pH to get the crack geometry give a simple means
of understanding the correlation of topological, electrical, and optical properties.
This alternative technique of fabrication of TCS is economically viable which can

help in further application.
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Summary and Future Outlook

Colloidal suspensions have profound implications in our daily life starting from hu-
man body fluids, to paint, pharmaceutical, food, printing, and many other industrial
applications. The interesting pattern left by the colloidal particle during desicca-
tion draws our attention to study the desiccation of a colloidal suspension. The
shape and size of the colloidal particles affect the desiccation pattern depending on
the spreading and wetting phenomena on a substrate. Most of our studies are on

Laponite, which is a synthetic clay and available in pure form.

In this thesis, I have studied one of the lesser studied parameters-the role of pH
that affect the desiccation pattern of colloidal suspensions, in particular aqueous
Laponite. Existing as charged particles in the aqueous state, it is expected that
changing the pH of the suspension will affect the charge distribution on the Laponite
particle which exhibits a facial negative charge and a positive charge on the rim
around the pH ~ 10. As flow dynamics is very dependent on the interface geometry
of the curvature, I have experimentally investigated the effect of varying pH on two
geometries of the interface of aqueous Laponite suspension: (1) a desiccating droplet

(2) desiccating film.
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During our experiments, we discovered the importance of the preparation proto-
col of an aqueous solution in desiccation studies. Depending on the preparation
protocol final dried pattern changes. The variation in the final deposited pattern
is developed by different stirring methods namely, stirring by Magnetic stirrer and
ultrasonication. Various degrees of stirring the solution during preparation, affects
the aggregation process of particles that results in different drying patterns . We
have established that a minimum stirring time is required to prepare a homogeneous
solution for the reproducibility of any investigation. The homogeneous solution can

be used in many applications for faithful results.

The anisotropic shape of Laponite clay possesses anisotropic charge density along
its surface. Distribution and the nature of charge strongly depend on the pH of the
medium. We have studied the role of the pH of the aqueous Laponite suspension on
different substrates on the desiccation of different geometries. The pattern forma-
tion of aqueous droplets of Laponite particles shows interesting variations on both
hydrophilic and hydrophobic substrates with pH variations. In an acidic medium,
the droplet shows coffee ring formation on the hydrophobic substrate, and in a very
acidic pH, 'the dried droplet pattern reveals collapsed cavities that contain a ring
of salts on their wall’. In a basic range of pH, on the same substrate, salt crystals
are gathered on the Laponite droplet. The same studies were done on hydrophilic
substrates and quite different pattern of the result was seen. We have explained the
result on the basis of the particle-particle (PP) and particle substrate (PS) interac-

tion in tandem with the pH of the solution.

Desiccation of film of aqueous Laponite particles shows interesting patterns with the
variation of pH of the medium. The films form a white opaque appearance which
changes to a clear glassy look around the pH value 11.5 with increasing the pH from
acidic to basic. The charge on the rim of the Laponite particles turns negative from
positive around the pH value of 11.5 which is known as the Iso-electric Point. We
have explained the patterns in association with the structure of the aggregation.

The Laponite particle forms a house of cards structure in an acidic medium which
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changes to a stack coin arrangement with a clear glassy look. The changes in the
crack pattern are analyzed for particle shape, changes in surface charge distribution,
and aggregation geometry.While the crack pattern is a fractal in the acidic range,
the pattern is more ordered showing a hierarchical structure in the basic range.
As colloidal particle concentration in a solution determines the solution’s net ionic
strength, particle concentration’s role in affecting desiccation crack patterns is also

investigated for a fixed pH.

Lastly, as an application of the role of pH in the desiccating film of aqueous Laponite,
we have reported a novel technique for the fabrication of transparent conducting
sheets. The crack network of different geometries has been used as the template
for TCSs and was generated by modulating the pH of the suspension. The crack
network was filled with graphite materials by sedimentations under gravity and
uniform evaporation. Topological measure, Euler characteristics, and tortuosity of
the template were measured and addressed in association with the suspension pH.
We have measured the Transmittance as well as the reflectance of the sheets in the
wavelength range of visible spectra. The fabricated TCSs show selective transmission
for particular pH values of 8.7, 12.2, and 12.5. This simple technique of production

of TCS is economically viable.

Future plans in continuation of the presented works in this

dissertation are as follows:

My next target remains to study the effect of active matter in droplets or films
of aqueous Laponite. There are pointers in the research field that certain bacteria
can thrive in dilute solutions of Laponite to grow into colonies. Depending on the
bacteria, the Laponite patches can be used effectively to clean and restore old fres-
coes, be used in medicinal practices such as treating certain dermatological problems
and even used as capsules for targeted drug delivery. Before such applications can
actually fructify in an economically viable way, there is a lot of systematic study

waiting to done on the correct pairing of bacteria and the concentration and pH
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of Laponite solution, the role of broth that provides food to the bacteria, in the
desiccation pattern. Further, I hope to further my studies of pattern formation of

colloidal suspensions like Laponite on soft substrates.

127



Chapter 6 Summary and Future Outlook

List of Publications

Haque, S., Tarafdar, S. and Dutta, T., 2020 Desiccation cracks formed in Laponite(R)

suspensions of varying pH: aid to analyzing clay microstructure Phys. Scr. 95 085703

Khatun, A., Haque, S., Tarafdar, S. and Dutta, T., 2020 Impact of varying prepa-
ration methods of colloidal suspensions on droplet desiccation patterns on hydropho-

bic and hydrophilic substrates Phys. Scr. 96 025211

Haque, S., and Dutta, T., 2021 Role of pH and substrate on drying patterns of
Laponite droplet Phys. Scr. 96 125021

Haque, S., Bhattacharyya, S. and Dutta, T., 2021. Aggregation patterns of cop-
per sulphate salt via droplet drying: mediation by surface hydrophobicity and salt
concentration. The European Physical Journal E, 44, pp.1-13.

Haque, S., Haque, R.A. and Dutta, T., 2023. pH regulated desiccation crack
network: a versatile template for Transparent Conducting Sheet fabrication. Physica

Scripta, 98(8), p.085942.

128


https://iopscience.iop.org/article/10.1088/1402-4896/aba02f/pdf
https://iopscience.iop.org/article/10.1088/1402-4896/aba02f/pdf
https://iopscience.iop.org/article/10.1088/1402-4896/abcf68
https://iopscience.iop.org/article/10.1088/1402-4896/abcf68
https://iopscience.iop.org/article/10.1088/1402-4896/abcf68
https://iopscience.iop.org/article/10.1088/1402-4896/ac3151
https://iopscience.iop.org/article/10.1088/1402-4896/ac3151
https://doi.org/10.1140/epje/s10189-021-00143-5
https://doi.org/10.1140/epje/s10189-021-00143-5
https://doi.org/10.1140/epje/s10189-021-00143-5
https://iopscience.iop.org/article/10.1088/1402-4896/ace744
https://iopscience.iop.org/article/10.1088/1402-4896/ace744

— @

The end after ending: Aggregation pat-
terns of copper sulphate salt via droplet
drying: Mediation by surface hydropho-

bicity and salt concentration

7.1 Introduction

“The study of evaporation of droplets is an interesting and important feature in
fundamental and applied sciences. Basic properties of fluids, fluid dynamics, phase
transition and thermodynamics guide the mechanisms of mass and energy transport
that occur at micro- and nano-scales of droplets during evaporation [1], [2], [3], [4].
These, coupled with the curvature of droplet interface, affect the wetting, spreading

=

and the myriad patterns [5], [6] of the dry residue left by evaporating droplets.
Important applications of droplet drying are found in industry [7], medical diagnosis
[8], [9], transparent conductor fabrication [10] and in space research [11], to name a

few.
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If drying droplets contain dissolved salts, crystallization of salt may occur as evapo-
ration proceeds and the solution concentration reaches super saturation. The pres-
ence of salt in colloidal solutions has been studied by several workers in the last
two decades. From their observations of ‘creeping’ of salt crystallites outside the
droplet boundary, Shahidzadeh et al. [12] have proposed that salt stains from dry-
ing droplets are a result of the wetting properties of crystals and the path they
follow as they nucleate and grow, rather than the evaporation rate of the droplet
and thermal conductivity of substrates. Misyura [13] has showed that at nucleate
boiling of water and salt solution droplets, there are several characteristic regimes
for heating, nucleate boiling, desorption without bubble formation, formation of the
solid, thin crystalline hydrate film on the upper droplet surface and formation of the
ordered crystalline hydrate structures during the longer time periods of the evapo-
ration process. At high crystallization rates, complex structures of salt depositions
occurred that facilitated the rate of water desorption from the surface of crystalline-
hydrate film deposited. In later works, Misyura showed that the combined effect
of gas convection, Stefan flow and vapour diffusion in the presence of high heat
flux could cause the character of droplet evaporation of aqueous salt solutions to
be fundamentally different from that of single-component liquids [14]. For droplet
evaporation of salt solution, four regimes of different evaporation rates were identi-
fied, where in the last regime, the evaporation rate was significantly low as compared
to aqueous solutions. In their study of drying droplets of salt solutions, Marin et
al. [15] explained that ring deposits similar to coffee ring effects might be caused
by flow reversal due to Marangoni effects. Pathak et al. [16] obtained different
patterns formed by evaporating drops of solutions of BSA protein and two different
salts. The patterns could be modulated by controlling the initial concentration of
the components in the droplet. They proposed that the differential diffusion rates of
components could lead to drastic changes in the final patterns. Microscopic features
like dendritic crystals in the pattern were reported to be a result of the local drying
of trapped solvent. Studies on droplet evaporation of salt solutions have led to the

understanding that the orientation and aggregation of salt crystals during droplet
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evaporation of salt solution are determined by flow dynamics as well as electrostatic
and vander Waals interaction [17] between the particles and substrate. The inclusion
of gelatin, starch or polymers usually increases the viscosity of the solution which
can modify the substrate residual pattern after drying. This technique has been used
to tune the crystal growth [18], [19], [20], [21], [22], [23] during droplet evaporation.
Several studies indicate that diagnosis of different diseases can be effectively done
by investigating crystallization modes in drying drops of biological fluids [24], [25],

The role of substrate on droplet evaporation has been studied by several researchers.
In comparison with hydrophilic substrates, hydrophobic substrates make larger con-
tact angles with the droplet at the line of contact. This changes the evaporation
flux gradient at the droplet interface, and the total evaporation time for a droplet
on a hydrophobic substrate increases in comparison with that on a hydrophilic sub-
strate [27], [28]. The lifetime of the evaporating droplet has an important impact
on the salt patterns left upon complete drying as it determines the time scope for
competing flow processes like diffusion, convection and Marangoni effects to take
effect. There is much work on the effect of substrate temperature on the lifetime of
an evaporating droplet [29], [30], [31], [32]. In such cases, the thermal conductivity
contrast between substrate and droplet solution can greatly affect the droplet drying

dynamics and the residue pattern at the completion of drying.

This work reports the effect of substrate and salt concentration on the dry residue
left behind by the drying droplet. The substrates-glass, quartz and polypropylene,
have different hydrophobicities. All experiments reported in this work have been
performed on substrates kept at room temperatures. The novelty of this work is
that starkly different patterns are obtained with the same salt solution just by
changing the substrate hydrobhobicity. The authors explain the differences in the
patterns with respect to the substrate effect on the evaporation process. The effect
of variation of salt concentration on the dry pattern is also reported. Similar looking

crystallization patterns have been reported earlier, but with different combinations
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of salt-substrate. There are no reports to the knowledge of the authors, of such a
variety of crystallization patterns obtained with a single salt solution with system-
atic variation of substrate hydrophobicity, and their explanation. The patterns of
the dry deposits are characterized by the variation in their morphology. While a
common practice is to analyse residue patterns with respect to geometrical param-
eters such as fractal dimension, topological analysis of the deposition patterns has
not been reported. In this work, the authors measure the geometry of the deposition
patterns in terms of the fractal dimension of the deposits, determined through the
box-counting method. In addition, the authors demonstrate that a simple topo-
logical measures as the Euler Characteristic x can be used to quantify desiccation
patterns of evaporating droplets. The Euler Characteristic provides a useful tool
for correlating desiccation patterns of salt deposits to the factors guiding droplet

evaporation.

The topology of the deposits has been studied through the variation of the Euler
characteristic, a topological measure, for the different substrates and salt concentra-
tions. The Euler characteristic y is an important and useful topological property in
the field of image processing as it remains invariant under any arbitrary rubber-sheet
transformation, i.e. stretching, shrinking, rotation etc. The concept of characteri-
zation of systems through Fuler characteristic has been used successfully in many
fields, analysis of soil crack patterns [33], [34], fast reading of car number plates
[35], automatic signature matching [36] and in wetting and spreading problems in
surface science and crystal growth [23]. It is an important feature that can be used
to describe and understand the topological connectivity structure of a binary image,
as has been used by the authors to analyse the salt deposition patterns reported
here. Finally the geometry and topology of the patterns have been interpreted on
the basis of the different forces that control the drying dynamics for the different

substrates and concentrations studies.

In the following sections, we describe the experimental methods and the underlying

forces that guide fluid dynamics in an evaporating droplet. The geometrical and
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topological features are then analysed and the results interpreted and discussed.
Since the methodology of the analysis is based on the images of the patterns, this
has been discussed in tandem to the results. Finally we conclude highlighting the

main findings of our work.”

7.2 Materials and Methods

“The protocol of solution preparation of a droplet can greatly affect the final pattern
of the dried deposit as has been reported by Khatun et al. [37]. In our experiments,
we have faithfully followed the protocol described below, thereby ensuring that the

results are not manifestations of preparation methods.

1. Glass, quartz and polypropylene slides are cleaned with Extran detergent, and

deionised water successively and finally dried using acetone.

2. Hydrated copper sulphate (molecular weight: 249.72 g/mol) is used as solute/-
experimental salt. 0.36 g and 0.6 g of dry copper sulphate are used to prepare 3%
and 5% (w/w) strength of aqueous copper sulphate solution, to form a final amount
of solution of 12 g. The prepared solution is stored in glass beakers cleaned by the

same procedure as the glass slides.

3. 0.3 g of dry gelatin (used for bacteriology) is added in each glass beaker. The
mass content in each beaker is stirred by magnetic stirrer at 510 rpm, for 45 minutes
at 50°C, to get a homogeneous gel. After stirring, the whole mass is allowed to cool
for 1 hour to attain the room temperature of 24°C. The relative humidity of the

ambient was maintained between 50% and 52%.

4. From each beaker, 10 ul of solution is dropped on the glass, quartz and PP slides,

successively.

5. After 10 to 15 sec from time of deposition, every droplet was photographed for

measurement of angle of contact by digital camera (model:Canon 700D).
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6. Rate of evaporation was also noted using a digital balance having least count of

10~44g.

7. The surface tension of each fluid sample is measured by Kruss Tensiometer K9.

The droplets are allowed to evaporate at 24°C with humidity 50%.

The angle of contact was measured by photographing a drop of fluid placed on
the substrate, cleaned carefully with methanol. The angle was measured for both
left and right ends of the image of the drop and is averaged over several drops.
Dried droplets on these three substrates were observed at microscopic level ~ scale
500um, using inverted microscope [Magnus MagCam MU 2.3 MP Camera with 0.5
x C—Mount Adapter]”.

7.3 Theory

“The sessile shape of the droplet on a substrate is responsible for a gradient of evap-
orative flux that is symmetric about the central axis of the droplet. For hydrophilic
substrates as glass and quartz, evaporation flux increases from the drop apex to the
peripheral line of contact [38]. For hydrophobic substrates as PP, evaporation flux
is greatest at the droplet apex and lowest at the Three-Phase Contact Line (TPCL)
[27]. For low contact angles between droplet and substrate, the increased evapora-
tion at the line of contact results in a convective flow field in the radially outward
direction that drives the fluid from the centre to the edge in order to replenish the
evaporating fluid. The outward capillary flow carries solute to the pinned contact

line and is responsible for formation of the “coffee ring”.

Surface tension gradients may develop on the droplet-air interface either due to tem-
perature or concentration gradients giving rise to thermal or solutal Marangoni flow
respectively [39], [40]. The interaction energy between the faces of colloidal parti-

cles is a resultant of electrostatic (usually repulsive) and van der Waals (attractive)
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forces between the particles, and is determined by the DLVO (Derjaguin, Landau,
Verwey and Overbeek)theory. The electrostatic force between a particle and the

substrate is calculated using the expression, [41],

F, =aexp (;_—21) n, (7.1)

where 2z is the distance between the particle and the substrate, n, is the unit vector

1'is the Debye length and a is function of the surface

normal to the substrate, kK~
potential of particles and substrate and the ambient temperature. The van der

Waals attraction force between the substrate and a particle is given by [42],

1 3 Qrtd

F’U w:_A YR EY) z
¢ 127 P22z —I—dp)2n

(7.2)

where A is the Hamaker constant, A = 2.43 x 1072 for water [43] and a4 is the
retardation factor for van der Waals force which depends on the distance between
particle and substrate. The total DLVO force between a particle and the substrate
is,

Fprvo = Fo + Fyguw (7.3)

It is the competition between these flows that determine the final trajectory of solute

particles in the evaporating droplet.

As droplet drying proceeds, the concentration of the solution usually increases, in
turn increasing the viscosity of the solution. At the TPCL, the viscosity contrast
between the gaseous and the liquid phase may give rise to Saffmann-Taylor instability

that is manifested as viscous fingers” [44].
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Figure 7.1: Droplet deposition pattern of 3% salt solution on different substrates:
glass, quartz and polypropylene (PP) are displayed column-wise. The rows display
the pattern for two salt concentrations-3% and 5%

7.4 Results and Discussions

“The salt deposition pattern observed on the substrates for two 3% and 5% salt con-
centrations, after complete drying of droplet, is displayed in Fig.7.1. The deposition
patterns for hydrophilic and hydrophobic substrates show a rough circular symme-
try but are distinctly different. For the hydrophilic substrates, glass and quartz, the
deposition pattern has a general branched-vein look arranged around the droplet
centre. The branches are composed of clusters of crystals, Fig.7.1d, f, and are
reminiscent of diffusion limited aggregation (DLA) growth with curved branches.
The outer periphery of the deposition pattern for both glass and quartz shows a
tooth-like serrated deposition pattern. These features are present for both the salt

concentrations in general. The deposition pattern on PP shows interesting periodic
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circular deposition of salt. The circular salt depositions are off-centred slightly with
respect to the droplet point of symmetry. The morphology of the deposition pat-
terns is characterized by through topological and geometrical characterization of the

deposits”.

7.5 Characterization through Euler characteris-

tics

“In a two-phase system, let the two phases be named black(B) and white(W). In
a two-dimensional image, the Euler characteristic may be defined simply as the
difference between the number of ‘connected components’ and the number of ‘holes’
in an image. Then the Euler characteristic (also referred to as the Euler number)

can be most simply defined as

X = Ny — Ny, (7.4)
where Nb are the number of black clusters and Nw are the number of white clusters.

In the cases of deposition patterns of dry droplets of complex fluids as in the cases
discussed here, one may think of an underlying two-dimensional square lattice on
which the deposition occurs. The images are grey-scaled suitably so that the most
faithful binary images of the real system are obtained. Every site on the underlying
lattice will be labelled either black(B) or white(W), depending upon whether it
houses phase 1 or phase 2. In the cases studied here, the crystalline salt deposits are
labelled B-sites and the absence of the salt, labelled as W-sites. If sites of the same
phase are connected by their first nearest neighbours, they are said to belong to the
same cluster. A ’cluster’ definition may extend upto a ’r-neighbourhood’ about the
centre of a grid [45]. In a square or triangular lattice, their can be a certain ambiguity
regarding connectivity of clusters through vertices, which is usually resolved by

assigning a certain probability to the vertex neighbours of being connected [46].
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Once all the clusters are counted and numbered, the Euler characteristic is calculated

following Eq.7.4”.

QUARTZ PP

5%

Figure 7.2: Binary images of deposition pattern after optimal thresholding of

images. The upper row depicts images for 3% salt concentration and the lower

row shows images for 5% salt concentration, The columns denote the different
substrates.

“To summarize, the Euler characteristic analysis of the deposition images for each

substrate and salt concentration was done following the protocol enumerated:
1. The image files are optimally grey-scaled and converted to binary files.

2. With image centre as origin, boxes of length 1 are placed one after another, at a

distance r from the origin , and along an arbitrary radial direction.

3. The number of black clusters Np(r), and white clusters, Ny (r), are counted in

every box at a distance r.
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4. The above two steps are repeated for several arbitrary directions about the origin,

and the average Np(r) and Ny (r) computed.
5. x(r) is determined for every r following Eq.7.4.

6. The variation of x(r) with r plotted.
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Figure 7.3: Variation of Euler characteristic x(r) with r (pixel) for 3% and 5%
salt concentration. Figures a, b and c indicate the variation for glass, quartz and
PP substrates, respectively

The variation of Euler characteristic x(r) with distance r as measured from the de-
posit centre of symmetry is plotted for both hydrophilic and hydrophobic substrates,

and for both salt concentrations as shown in Fig.7.3.

As one moves from droplet centre to periphery for hydrophilic substrates, glass and
quartz, x(r) is confined to between 0 to -50, Fig.7.3 a, b. At the droplet periphery, r

~ 800, there is a sharp drop in x(r) to almost ~ -200 for the patterns on hydrophilic
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substrates. However, this drop occurs for 3% concentration on glass and for 5%
concentration on quartz, implying that the deposition of crystals is determined by a
combination of hydrophobicity and salt concentration. From Eq.7.4, it follows that
the difference between the number of crystallite clusters and their absence is small,
implying an almost uniform deposition on the substrate. The dendritic growth that
is visible under the microscope is manifested within the cluster number variation
contained in the small range between 0 to -50. Moreover, though the general nature
of the variation of Euler characteristic with distance is similar for glass and quartz,
for a particular substrate, say quartz, there is a marked difference in x(r) with r as
the salt concentration is varied. For a 5% salt concentration, the dendritic pattern of
crystal deposition is thick and spread almost uniformly on the substrate, manifested
in a uniform value of x(r) with r. For 3% salt concentration, most of the deposition
occurs away from the TPCL indicating that solutal Marangoni flow predominates

over radial convective flow and guides the deposition process.

In comparison, for hydrophobic substrate as PP, x(r) shows a pronounced oscillation
within the same range, Fig.7.3 c. From Eq.7.4, it follows that there is a periodicity
in the number of crystallite clusters as we move from droplet centre to the periphery.
As the periodic variation in x(r) is only a function of r, the crystallite deposition
patterns must be concentric rings about the droplet centre. The variation of the
Euler characteristic with r implies that a stick-slip movement of the TPCL has

occurred during drying”.

7.6 Wetting and Drying

“Contact angles between fluid and substrates were measured with profile photographs

of the droplets displayed in Fig.7.4.

The measured values of the contact angles between substrate and solution pre- pared

with different concentrations of salt, are summarized in Table.7.1.
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Figure 7.4: Droplet profile of 3% salt solution on different substrates: (a) glass
(b) quartz (c) polypropylene(PP). Droplet profile of 5% salt solution on different
substrates: (e) glass (f) quartz (g) polypropylene(PP).

While both glass and quartz are hydrophilic, PP is clearly hydrophobic with respect
to CuSO, substrate. Quartz has a hydrophobicity in between that of glass and PP.
It was observed that the contact angle of the salt solutions with all the substrates
increased with an increase in the salt concentration. The contact angle with glass
changed by ~ 39%, while for quartz, the increase was 16%, for a concentration

change of 2%. In case of PP, the contact angle however decreased by ~ 2

Evaporation rates of the drying droplet for both salt concentrations and all the

substrates was measured and the results are displayed in Fig.7.5.

As the hydrophobicity of a substrate increases,i.e., as the contact angle increases, the
ratio of height to base area of a droplet increases for the same volume of fluid. The

highest evaporation flux shifts from the droplet Triple Phase Contact Line(TPCL)
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Substrate Salt concentration 3% Salt concentration 5%
Glass 26.6 36.9
Quartz 40 46.4
Polypropylene 83.7 82

Table 7.1: Contact angle for different substrates and salt concentrations

to the droplet apex. Total evaporation time decreases with increase in hydropho-
bicity as seen in Fig.7.5(a)for salt concentration of 3%. The evaporation decreases
quadratically with time, with the plot showing distinct broken lines indicative of a
stick-slip motion of the TPCL. When the contact line shifts to a new position and
the contact angle increases, the droplet height increases too. This results in a sud-
den lowering of evaporation rate which picks up gradually as the droplet evaporates
in constant contact angle (CCA) mode. For PP substrate, it is evident that the
TPCL remains pinned for a much longer time compared to either glass or quartz.
This enables greater growth of crystallites at the TPCL which is the region where
salt reaches its highest supersaturation. This stick-slip motion of the TPCL is man-
ifested in the alternate prominent periodic circular rings of salt deposit seen in this

case.

In Fig.7.5 b, for 5% salt concentration, the evaporation rate decreases almost lin-
early for all three substrates. However the rate of decrease on glass substrate is
substantially lowered in the higher salt concentration and equals the rate of evap-
oration on PP. This can be reconciled to the observation that a change in the salt
concentration from 3% to 5%, resulted in an increase of 39% in the contact angle
for glass. Here too the time of ’stick” of the TPCL is highest for PP substrate. As
the salt concentration is higher, there is greater density of crystalline deposition at

the TPCL as seen the deposition patterns.

The high evaporation flux at the TPCL for hydrophilic substrates is responsible for

strong convective flow from droplet interior to the TPCL. As evaporation occurs,
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Figure 7.5: (a)Rate of evaporation for 3% salt concentration. (b)Rate of evap-
oration for 5% salt concentration.

the solution at the TPCL reaches the critical supersaturation necessary for crystalli-
sation. Solutal Marangoni flow sets in because of increase in salt concentration and
drives the flow inside the droplet from region of lower to higher surface tension,
i.e. from the TPCL to the droplet apex. However with crystallization, the salt
concentration in the immediate vicinity of the crystallization sites decreases. This
in turn causes diffusion of solute to these areas. Therefore crystallization proceeds
from the TPCL to the droplet interior. The thicker deposition of crystallites at the
TPCL due to the higher evaporation flux here, results in much depletion of solute in
the droplet at the later stages of evaporation. This is conducive to DLA like growth

pattern observed in these cases

As the water evaporates and more and more crystallization occurs, the viscosity of

the solution increases and flow is slowed down. In the case of PP, this is manifested
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in broader bands of crystalline deposition as one moves from TPCL to apex as seen

from the images for both concentrations.

For the hydrophilic substrates as in glass and quartz, the lower contact angle together
with increase in viscosity, is responsible for a Saffman-Taylor instability that shows
up as viscous fingers at the TPCL. This causes deposition pattern in the form of
'fingers’, evident from the images in Fig.7.2. The salt 'fingers’ are very stark for
glass substrate at 5% and for quartz at 3% salt concentrations. The salt fingers
occur with a periodicity of 66pum in the former and 75um in the latter. Conversely
in terms of the salt 'finger’ thickness, for glass substrate at 5% concentration, the
finger thickness is 98um , with the thickness being 37um on quartz. It is well
established that prominent viscous fingers are a result of a suitable viscosity contrast,
N, between two fluids at thee interface. It is interesting to note that the prominent
fingers on glass substrate occurs at a higher salt concentration whereas the fingers
are more prominent on quartz at the lower salt concentration. Again while both
glass and quartz are both hydrophilic, glass has a lower contact angle than quartz.
The lesser the contact angle, greater is the radial convective flow that is manifested
in thicker fingers at the TPCL; the higher the salt concentration, the thicker is
the salt finger deposit. For lower contact angles, fingering deposition was observed
at higher salt concentration which enhanced the viscosity of the solution. This
in turn impedes the convective flow at the TPCL, thereby enabling the growth of
viscous fingers. As the contact angle increases, the evaporation flux gradient between
droplet apex and TPCL weakens, resulting in a slower radial convection. This again
enables the formation of viscous fingers despite the lower viscosity at lower salt
concentration. Thus we propose that the appearance of salt fingers at the TPCL of
a drying salt solution is determined by an optimal radial convection velocity v, that
is a function of contact angle and salt concentration for a given ambient condition.
If the evaporation flux at the TPCL is very high, the resulting convective flow of
salt may be too fast to allow the viscous fingers to form well. However if the flow

velocity can be tempered by increasing the viscosity of the fluid sufficiently, (in our
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case the higher salt concentration does the trick), fingering can be obtained. With
increase in hydrophobicity, the weakening effect of the radial convective flow at the

TPCL can be compensated by a lower viscosity of the solution”.

7.7 Conclusion

“Self-assembled aggregates of CuSO, deposits are achieved through droplet drying of
the salt solution on hydrophilic and hydrophobic substrates. The deposited patterns
are found to be starkly different for the two categories of substrates. The patterns

were examined for two different concentrations of salt solution.

Topology of the salt aggregates in the dried droplet was measured as the variation
of Euler characteristic x versus r, for the different combinations of substrate and
salt concentrations. The homogeneous distribution of salt for hydrophilic substrates
was reflected in the almost steady value of y with r. However, the periodicity
of circular deposition of salt aggregates for hydrophobic substrates was evident as
oscillations in the x value with r. The denser deposits of salt aggregates at higher

salt concentrations showed up in the higher y values in this case.

The presence of prominent ’viscous finger’ like salt deposition at the TPCL was
observed at certain combinations of substrate contact angle and fluid viscosity. We
proposed that prominent salt fingers are determined by an optimal radial convection
velocity v, that controls the rate at which salt is transported from the droplet
interior to the periphery. Thus, where the contact angle is smaller, fingers are
observed at higher salt concentrations, whereas higher contact angles require low
salt concentrations for the appearance of ’fingers’. The formation of viscous fingers
in context to substrate hydrophobicity and salt concentration has not been reported

earlier as far as the knowledge of the authors

Thus, the self-assemblage of salt crystallites in a micro-litre droplet of a colloidal

solution shows a variety of patterns that are guided by choice of substrate and salt

145



BIBLIOGRAPHY

concentration. A suitable choice of these parameters can be used to fine-tune pattern
formation obtained in evaporating droplets. The authors propose that the analysis
techniques used in this work can be adopted for quantification of both geometrical
and topological features of complex patterns of drying droplet. With a sufficiently
large repository of data, measures may be identified with features of deposition

patterns that are atypical of well-understood drying processes”.
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