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Abstract

Coatings and surfaces with repellence to a range of liquids can find application in aerospace,
marine, construction, energy industries and many more. The reported research provides
understanding of the relative roles of surface chemistry and surface roughness on repellence
and has allowed the development of a new methodology for assessing wettability. A review
on surface treatments and how they affect solid-liquid interaction by measuring the static
and dynamic contact angle with a variety of polar and non-polar probe liquids has been
presented. During this research, eleven coating systems (including fluorinated and non-
fluorinated ones) were assessed for promoting repellence on planar/smooth surfaces and on
substrates grit blasted to micro-level roughness (roughness average of 1 um to 4 um). To
assess the impact of nano-scale and dual-scale roughness on repellence, the functionalised
silica nanoparticles (fumed and synthesised by sol-gel) were incorporated into the coating
system to build up the desired nano-scale topography (roughness average of 56 nm). This
approach was undertaken in efforts to decouple the effects of surface roughness/topography
on repellence from the surface chemistry contributions. The nano-scale topography provided
high static contact angles, 128° and 93° with water and diiodo-methane respectively as
probe liquids, this scale of roughness however, also exhibited high roll-off angles/or no roll-
off even at 80° tilt. The micro-scale topography provided similar results. The combination
of both nano and micro-scale topographies provided both high static contact angles (above
150°), low contact angle hysteresis and low roll-off tilts (below 10°) for water. However,
this same combination of surface characteristics does not satisfy the conditions to achieve
super repellence for probe liquids with lower surface tensions and different surface tension
components (polar part/disperse part). The results in this study show that a high static contact
angle with a probe liquid does not guarantee the abhesive behaviour. A novel assessment
methodology has been proposed for the evaluation of repellence of surfaces. This approach
helps to classify coatings and surface roughness characteristics according to their ability to
repel various liquids not only in terms of static contact angles but also in terms of contact
angle hysteresis, roll off tilt and film forming behaviour. It is proposed that droplet diameter
is used as an indicator of a tendency of specific liquids to film formation. Whilst the critical
parameters to achieving omniphobicity are still unclear, this work sheds light on the

parameters that have to be considered and the methods to elucidate them.
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CHAPTER 1. INTRODUCTION

1.1. Project background

This project was carried out under a PhD programme with the London South Bank
University in partnership with The Welding Institute (TWI Ltd) and The National Structural
Integrity Research Centre (NSIRC). The project was sponsored by Lloyd’s Register
Foundation (LRF).

The National Structural Integrity Research Centre (NSIRC) is a state-of-the-art postgraduate
engineering facility based in Cambridge, UK, established by structural integrity specialist
TWI. Its mission is to train the next generation of highly skilled engineers and scientists,
who will become the future leaders of industry. The PhD programmes under NSIRC are a
new model of postgraduate research driven by the needs of industry to accelerate the

translation of science into industrially relevant products and services.

Lloyd’s Register Foundation helps to protect life and property by supporting engineering-

related education, public engagement and the application of research.

1.2. Research need

Surface contamination is an industrial problem that leads to loss of performance and
increased maintenance costs. Numerous methods have been developed to prepare super-
repellent coatings, but the retention of high levels of repellence in real world or operational
environments has not yet been achieved. The development of surfaces that repel liquids has
attracted lots of interest due to variety of possible applications in industry. The repellent /
hydrophobic / oleophobic attributes of surfaces can find useful application in several
industries; aerospace (Piscitelli et al., 2020), marine (Genzer and Efimenko, 2006), wind
energy (Dalili, Edrisy and Carriveau, 2009), solar panels (Ilse ef al., 2018), chemical plants,
road infrastructure and many more (Esmeryan, 2020). A deeper understanding of the key
chemical and topographic characteristics that dictate this behaviour would provide the

enabler for the engineering of anti-contamination, anti-sticking and self-cleaning materials.

The terms hydrophobic and super-hydrophobic are most frequently used to describe repellent
surfaces, although strictly speaking these terms only relate to interaction between the surface
and water. As can be seen from Figure 1.1, the interest in hydrophobic as well as super-

hydrophobic coatings has increased in the past 20 years and high volume of publications is
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made each year. However, the area of super-repellent coatings starting to be identified
specifically allowing separate identification of the publications that are differentiated by
their authors. This field is still in the early stages of research and whilst the amount of
published work is increased each year it is still small. Most of the research literature focuses
on hydrophobicity rather than repellence to liquids with lower surface tensions due to which
there is still no deep understanding of the design rules for surfaces that will be repellent not
only for water but liquids with lower surface tensions too. This thesis will provide insight

into those design rules.

1600
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200 i
, il il [ ~
Hydrophobic coatings Superhydrophobic coatings Superrepellent coatings

2000 2001 2002 2003 2004 2005 m 2006

m2007 m 2008 2009 m2010 m2011 2012 2013
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Figure 1.1. Recorded research articles corresponding to “hydrophobic coatings”,

“Superhydrophobic coatings” and “super repellent coatings “according to Scopus in the last 20

years (data retrieved on 02.05.20).

1.3. Aim of research

The aim of this research is to better understand the conditions that dictate super repellence,
specifically to decouple the effect of surface chemistry from surface roughness and to

develop a new methodology for assessing wettability.

1.4. Objectives

The specific objectives of this work were:

e To develop new assessment criteria for wettability evaluation of repellent and super

repellent coatings that allows for the comparison of various surface treatments
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e To evaluate, substrates with different levels of surface roughness treated with
commercially available coatings and chemical functionalities to decouple the impact
of surface chemistry (fluorinated and non-fluorinated) and topography, specifically:

o minimum surface roughness
o nano-scale topography

o micro-scale topography

o dual-scale topography

e To determine the best practise available for surface preparation method of glass and
stainless steel that increases the adhesion strength between the substrate and the
coating.

e To provide novel classification criteria of highly repellent coatings based on

o The repellence not only for water but other probe liquids

o Dynamic contact angle measurements as a function of tilt

1.5. Organisation of the thesis

The thesis is organised in 9 chapters.

Chapter 2 presents the background theory behind adhesion, repellence, concept of contact

angles and surface free energy (SFE).

Chapter 3 presents the critical review of the associated literature providing the understanding

of the state of art and identifying the knowledge gap.

Chapter 4 presents the experimental methodology and techniques used to characterise
surfaces studied in this project. The assessment/characterisation methodology focused on the

surface topography, surface chemistry and most importantly wettability to various liquids.

Chapter 5 presents the study on the effect of various surface chemistries on the repellence.
The reported study was conducted on planar substrates with minimal surface roughness
(roughness average less than 0.16pm) in order to minimise the effect of surface topography
on repellence and mainly concentrate on the effect of surface chemistry achieved by

treatments.

Chapter 6 reports the engineered surface topography in micro scale and its effect on wetting

to a range of probe liquids, both polar and non-polar.
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Chapter 7 reports the effect of nano-scale roughness on surface wettability and repellence to

a variety of probe liquids.

Chapter 8 presents a new assessment approach for the repellence evaluation of coatings and
surfaces. The proposed methodology helps to classify coatings and surface roughness

characteristics according to their ability to repel various liquid.

Chapter 9 presents the conclusions drawn from this project and includes the suggestions for

further work.

1.6. Conferences and publications

“Development of Super Repellent coatings” Oral Presentation. NSIRC 2020 Live (23rd July)

2020, Coating technologies session, online event.

“Development of repellent surfaces” Oral Presentation. 5th edition of the Smart Materials

and Surfaces - SMS 2019 (23-25 October) 2019, Lisbon, Portugal.

“Development of repellent surfaces” Oral Presentation. 2nd International Conference on
Nanomaterials Science and Mechanical Engineering - [CNMSME2019 (9-12 July) 2019, the

University of Aveiro, Portugal.

“Development of Durable Super Repellent Coatings” Oral Presentation. National Structural
Integrity Research Centre 2019 Annual Conference — NSIRC 2019 (2-3 July) 2019,
Cambridge, United Kingdom.

“Development of Super Repellent Coatings” Oral Presentation at Young Scientist Lecture
Competition session. Poster Presentation “Development of Super Repellent Coatings”.

NANOSMAT 2018 Conference (11-14 September) 2018 in Gdansk, Poland.

“Development of Durable Super Repellent Coatings” Poster Presentation. London South
Bank University Postgraduate Research Summer School 2018 — (16-19 July), London,
United Kingdom.

“Development of Durable Super Repellent Coatings” Poster Presentation. National
Structural Integrity Research Centre 2018 Annual Conference — NSIRC 2018 (3-4 July)
2018, Cambridge, United Kingdom.

“Development of Durable Super Repellent Coatings” Poster Presentation. Lloyd’s Register

Foundation international conference 2018 (9-10 May) 2018, London, United Kingdom.



CHAPTER 2. BACKGROUND THEORY

2.1. Introduction

Zisman (1964) introduced the term "Abhesive", to describe materials which are applied to a
solid to prevent adhesion to another solid. “Abhesion” is the converse of adhesion and is

expressed as:

1 2.1

abhesion = ————
adhesion

Adhesion of contaminants to the surface is an industrial problem that leads to significant loss
of performance and increased operational and maintenance costs. There is no passive,
durable and highly abhesive coating due to the inherent fragility of the current design
approaches. Numerous methods have been developed to prepare a super-repellent coating;
both top-down and bottom-up approaches to nanostructure formation have been attempted
but retention of high levels of repellence has not been achieved yet. Self-cleaning coatings

still suffer from numerous complications such as low mechanical stability and low durability

(Wojdyla et al., 2015; Dalawai et al., 2020).

The abhesion of liquids and contaminants to a surface is an important property for many
functional materials in the field of materials engineering, generally this property is referred
to as repellence. The self-cleaning materials have the ability to repel liquids by forming
spherical droplets that easily roll-off. This property is used in self-cleaning technology, as

droplets can collect and remove contaminants when rolling off the surface.

Most of the studies and research focus on achieving optimum adhesion, however an
understanding of abhesion or repellence fundaments is crucial for a number of industries.
Understanding abhesion can assist in developing substrates with a range of properties: self-
cleaning, anti-fouling, anti-icing, as well as oil-water separation, corrosion protection for

various metals and drag reduction (Vazirinasab, Jafari and Momen, 2018).

The great focus that has been applied to the science and technology of adhesion has allowed
considerable understanding of the underpinning mechanisms. The reciprocal nature of
adhesion and abhesion implies that such an understanding can be used to assist the

elucidation of the key factors that drive adhesion and perhaps even allow enhancement of

5
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this behaviour. It seems that different mechanisms are active in different adhesive joints
depending on a range of factors. There are six main theories describing the mechanisms of

adhesion between surfaces (Dillard, Pocius and Chaudhury, 2002).

e Adsorption mechanisms involve secondary molecular forces; molecules near the
interface are attracted to each other by London dispersion forces, dipole-dipole
interactions, hydrogen bonding, or other secondary molecular forces.

e The diffusion theory of adhesion is based on the hypothesis that one material inter-
diffuses into and with another.

e Chemical reaction theories propose that chemical reactions occur between the adhesive
and the adherent forming primary chemical bonds.

e The electrostatic force model of adhesion assumes that the electrons within the adhesive
and the adherend occupy different energy levels and electron transfer occurs across the
surface. The two surfaces are attracted to each other as a result of these opposite charges.

e The acid-base reaction theory of adhesion has been proposed to explain a number of
observed adhesive phenomena and is based on acid-base reactions at the surface.

e Mechanical interlocking
Bond is achieved by transmission of force through friction along rough interfaces.
Rougher surfaces, such as grit blasted metals, generally provide better interlock than

smooth surfaces.

4 of the 6 mechanisms are related to surface chemistry, 2 are related to the interfacial contact
area and of these two one is dictated by diffusion considerations. The approaches adopted to
prevent adhesion focus on the reduction of the chemical attraction at the interface and the
minimisation of the potential for chemical bonding between the adherends. In addition, the
minimisation of the interfacial contact area can also be used to minimise the potential for
chemical attraction. However, since chemical approaches, i.e. coatings, dominate the
terminology associated with these is widely used as a generic descriptor of behaviour.
Typically, coatings are described as hydrophobic (water repelling), oleophobic (oil
repelling) or hygrophobic (liquid repelling). In industrial/technical terminology reference is
often made to specific attributes e.g self-cleaning, anti-icing, anti-fouling, anti-microbial etc

— these are sometimes referred to as the “anti-properties.

Within this thesis the terms philic/phobic or repellent will be used as the generic term and
will refer to the wettability of a solid surface by a probe liquid as determined by sessile drop

assessment. This research project will provide a comprehensive review of chemical and
6
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physical properties that influence abhesion and provide an assessment of hygrophobic

treatments as well as coatings available on the market.

2.2. Abhesive surfaces in nature

Surfaces with high level of repellence exist naturally in the environment. Natural surfaces
exist with varying degrees of wettability to water ranging between two extremes; super-
hydrophilicity and super-hydrophobicity. Surfaces with these properties can be found in
plant leaves, feathers of birds, legs/back/wings of insects and silk of spiders (Liu et al.,

2012).

Biological topography on the external surfaces of animals, insects, and plants are remarkably
complex in terms of structure and composition to provide the necessary characteristics
required for the environmental niche that is occupied. These natural structures offer insight
into the design rules that underpin various behavioural characteristics. For example, the
natural photonic structures in the Ophiuroidea “BrittleStar” and Morpho butterfly wings
create optical effects that have inspired the design of innovative optical components that can
also enhance hydrodynamic and aerodynamic performance. Sharks have microscopic
grooves known as riblets that can reduce drag in turbulent flows. Another example of
functional topography is needle-shaped microstructures on the legs of water striders that

enable them to effortlessly move on water (Byun et al., 2009).

The lotus leaf is the most well-known example of a super hydrophobic surface. Its ability to
repel water is due to a combination of both surface physics and chemistry; the leaves have a
micro-nanoscale hierarchical structure covered with epicuticalar wax. The wax provides
hydrophobic surface chemistry while the dual-scale structure gives the rough surface

topography (Quek, Magee and Low, 2017).

Possessing these properties helps with self-cleaning or collecting water droplets by
integrating water vapour collection and transportation. Nature also has the ability to preserve
these surface properties by self-healing. Bio-mimicking and understanding the features of
these appealing interfaces has been an active research topic in the past few years (Liu ef al.,

2012).

2.3. Concept of the work of Adhesion

Adhesion of contaminants/liquids to the surface is dependent on work of adhesion and
surface energies. Even modest changes in their values can cause large changes in practical

measured adhesion. For many years, their values have been deduced via contact angle
7
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measurements. The work of adhesion is a concept of 19th century and in that period it was
pointed out that the work of adhesion (W,) was not the same as the adhesion measured in
mechanical test (Packham, 1996). A measured fracture energy (G) consists of the

thermodynamic term (W,) and other energy dissipating processes (¢):

G=W.+¢ 22
For an ideal adhesive surface, the G term can be regarded as the thermodynamic work of
adhesion (Wa), which can be derived from the surface energies in the system. In fundamental
terms, when there is mechanical interlocking occurring there is cohesive failure of the
contacting media and the G term contains a contribution due to the work of cohesion (W)
(Packham, 1996). G is a complex function consisting of three terms. In order to achieve good
abhesion, the W, term should be minimised, this is achieved by having a low surface free
energy coating. The contribution from W, is minimised by reducing the surface roughness,

as will be discussed later.

The work of adhesion is the work that has to be done to separate two phases (1 and 2). It is
defined as the free energy difference between two states that are in equilibrium with their

own vapour (Packham, 1996):

Wa=v1i+72— V12 23
Where y; is the surface free energy (SFE) of phase 1, y, is the SFE of phase 2 and y;,

being their interfacial energy.

Similarly, the work of cohesion applies to a system with only one phase and it is expressed

as follows:

W, =2y, 2.4

Work of adhesion is also used to designate the free energy difference, between two phases
1 and 2 in contact at equilibrium and the two separate phases in the same enclosure at
equilibrium with the vapour present. If the phases are liquid and solid, the work of adhesion

can be expressed as (Packham, 1996):

Wo =YL +Vs Vst 2.5
y; differs from y; by the spreading pressure, m, which represents the lowering of the surface

energy of the material in vacuo by adsorption of the vapour (Packham, 1996). Thus;
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Wa* - Wa S 77.-1 + T[z 2.6
Surface energies may be taken to be either Gibbs G or Helmholtz F free energies. In the
former case the change considered in Figure 2.1 (Packham, 1996) takes place at constant

pressure, in the latter at constant temperature.

v

Figure 2.1 two phases 1 and 2 in contact at equilibrium and the two phases separate in the same

enclosure at equilibrium (redrawn form Packham, 1996).

When taking y as being Gibbs energy, the surface energy is defined as:

Surface energy =y = G = [G — G?]/A 2.7
Where A is the surface area, G is the Gibbs free energy in the system while GPis the Gibbs
free energy value if the all the constituents of the system were in the same state as they are
in the bulk phase. With regard to the surface area, if the interface between the two phases is
ideally flat, it is straightforward to define the interfacial area A. In practice, most of the
surfaces exhibit a degree of roughness (Packham, 1996). The true area can be calculated

using the Wenzel roughness factor:

_A 28
-

Where A is the true area and A, is the nominal area. This r factor can be easily substituted
into the work of adhesion equation. However, for a fine roughness such calculation becomes

unrealistic as we approach the molecular scale roughness.

2.4. Concept of contact angle and thermodynamic derivation

Contact angle measurements have been the principal method of calculating surface free
energies. Various techniques are available for the calculations of critical surface tensions
and they are based on the idea of using the equation derived by Thomas Young in 1805 (Lam
et al., 2002). Young’s equation assumes that there is an equilibrium of the three interfacial

tensions (liquid, solid and vapour):
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Young’s equation (2.9):

Ysv = ¥s. + YLy cos@ 29
Where:
0 — Liquid contact angle
Vapour Y
Yy — liquid - vapour SFE e \ p Lauid
Ysv — solid - vapour SFE Vst
solid

— solid - liquid interfacial free ener
Vst q &y Figure 2.2 Young’s equilibrium contact

angle

Surface repellence to liquids is defined by Young’s equilibrium (2.9) contact angle (CA), it
is a specific contact angle that is formed between the solid and a liquid droplet when they
come in contact (Figure 2.2) (Makkonen, 2017). It is considered that super repellent
materials are characterised as those with a liquid contact angle exceeding 150 degrees
(Figure 2.3) and the roll-off angle less than 10 degrees (Flink, Van Veggel and Reinhoudt,
2001). However, there are different opinions on how to classify hydro/oleo-phobic and
hydro/oleo-philic surfaces. According to Young’s equation a surface with a water contact
angle larger than 90 degrees is hydrophobic. (Vogler, 1998) recommended repellency at 65
degrees, thus making a surface with CA above 65 degrees hydro/oleophobic (Figure 2.4).
Using a surface force apparatus supported by ancillary techniques, attractive forces appear
when two planes exhibit a contact angle above 65 degrees and repulsive below the 65 degrees
(Li et al., 2016). Liu et al. (2012) investigated the apparent and intrinsic contact angles of
polymers and suggested an angle of 62.7 degrees to distinguish between hydrophobicity and
hydrophilicity.

10



Chapter 2. Background theory

Super-hydro/oleophilic Hydro/oleophilic Hydro/oleophobic| Super-hydro/oleophobic
10° 90° 150°
Wetting Non-wetting

Figure 2.3 Classification of repellence according to Young’s equation

Super-hydro/oleophilic Hydro/oleophilic Hydro/oleophobic| Super-hydro/oleophobic
10° __ 65° 150°
Wetting Non-wetting

Figure 2.4 Classification of repellence according to Vogler et al. (1998)

Young’s equation was originally described as a balance of three phases and their surface
tensions. It was derived using the principle of minimising the total free energy of the system
and thus it assumes that the interfacial surface tensions are scalar rather than tension vectors.
It is assumed that these interfacial tensions can do work in order to move the contact line
along the surface (Makkonen, 2016). The derivation of Young’s equation assumes that the
solid is chemically and physically inert and homogeneous. According to Young’s equation
a unique static contact angle is anticipated for a given liquid on a solid surface. However, in
real life when a liquid wets a solid surface a range of contact angles is formed; the upper
limit of the range being the advancing contact angle (6,) and the lower limit being the
receding contact angle (6z) (Lam et al., 2002). The difference between the advancing and
receding contact angles is used as a measure of how well the liquid sticks to the surface and

is known as contact angle hysteresis (CAH) as shown on Figure 2.5.

0, — 0x = CAH 2.10

11
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Figure 2.5 Contact angle hysteresis (CAH) on a tilted surface

The contact angle hysteresis has been studied extensively but the fundamental causes of its
origin are still debatable and not completely agreed on. The origin of contact angle hysteresis
has been credited to surface heterogeneity, metastable surface energetic states, molecular
mobility, liquid penetration, surface swelling etc. Some studies showed the dependence of
the liquid molecular size and solid/liquid contact time, which leads to liquid sorption and
retention being causes of CAH (Lam et al., 2002). Chibowski (2003) assumed that the

hysteresis is due to the liquid film left behind the drop during retreating of its contact line.

Figure 2.5 shows two types of adhesion: a — low adhesion and b — high adhesion. In case of
low adhesion, a droplet starts sliding when tilted, however there are some high adhesion
cases that exhibit high static contact angle and no roll-off even at a tilt of 180°. This is known

as the “petal effect” (Bhushan and Nosonovsky, 2010).

Contact angle hysteresis is an essential parameter in understanding liquid drop sliding on a
tilted surface. When the surface is tilted, the drop’s leading edge starts to move while the
trailing edge remains pinned, the drop’s shape starts to deform until a tilt angle is reached at
which the drop slides down. When the drop starts sliding, the forces acting on the drop are
its weight and the capillary force that results from the difference in the advancing and
receding contact angles (Bouteau et al., 2008). Furmidge (1962) proposed the following
relationship between the weight of the drop and the difference between advancing and

receding angles:

mg sina, = wy;(cos 8, —cosb,) 2.11

12
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Where m is the mass of the drop, g the gravitational acceleration, a, the critical sliding angle

(minimum tilt required for the droplet to move) and w is width of the drop.

During sliding the drop exhibits a receding angle at the rear and a advancing at the front.
This state gives a maximum value for the sticking force (Krasovitski and Marmur, 2005).

The force per unit of length acting on the receding angle of the drop is:

E. = Ysy — VYsi — Ywv COS 0, 2.12

The force acting on the advancing part is:

Fa =Ysv + YLy COS ea — VsL 2.13

Thus, the maximum sticking force can be derived as:

F, = y.,(cos 8, — cos 8,) 2.14
If this force is integrated along the contact line the following equation will be derived for the

sticking force:

F, = y;,R sin 0 (cos 8, —cos 8,) 2.15
Where:

R — Radius of the curvature of the droplet

To make the droplets slide easily from a solid, the CAH has to be minimised and the average

contact angle between the solid and the liquid has to be maximised (Quéré, 2008).

The work of adhesion can be related to the Young’s contact angle by combining it with the

young’s equation, giving:

W, =vy.(1+ cosby) 2.16

It can be rewritten as

W,
— =1+cosby 2.17
147

And the work of adhesion can be plotted against young’s contact angle. As can be seen from
the graph (Figure 2.6) with increased contact angle, the work of adhesion decreases, thus it

is easier to separate a liquid from a solid surface.

13
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Figure 2.6 Work of adhesion as a function of contact angle

Surface tension is one of the parameters that determines the wettability of a material.
Makkonen (2017) has described surface tension as a friction force in his paper. The Gibbsian

surface thermodynamics state that work must be spent when creating new surface, and this
work defines the thermodynamic surface energy y (#) During the sliding of a droplet,

when the substrate is tilted, the three-phase contact recedes along the surface and a new solid
surface is created. Also, when the contact line advances, a new solid-liquid interface is

created (Figure 2.7).

14
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Figure 2.7. Creation of new interface while advancing and receding

It could be argued that the surface energy of the disappearing surface should be stored as
the free energy on the other side of the contact line. The surface energy is a thermodynamic
concept and it is a two dimensional interface. It is not related to the volume, thus when a
contact line moves, the surface energy of a disappearing surface cannot be stored and thus is
not transferred to the other side of the contact line. So, the surface energy of the disappearing
surface should dissipate into thermal energy. Consequently, work is done when moving the
contact line. This can be possible if there is a friction force F, against which the work is
done. Makkonen (2017) shows in his paper that the friction force against which the work is
done relates to the surface energy of the new surface interface that is created when moving

the contact line:

F_ 2.18

w
In Figure 2.7. when the contact line advances to the right and creates a new solid-liquid
interface, the frictional tension is equal to the yg;. This frictional tension adds up to the
existing static equilibrium tensions. In order to adjust the static force equilibrium in Young’s

equation to the new dynamic state, the arising frictional tension needs to be balanced by the

change in the contact angle and thus (Makkonen, 2017):

Ys. = Yy (cos @ — cos8,) 2.19
This state affects the contact angle because it is the only parameter that is free and can be

altered to balance the system as other parameters such as surface tensions are constants.

When combining the Young’s equation (equation 2.9) with equation 2.19, it gives us:
Ysv = Vs + YiyCos Oy + Vs, 2.20
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In a similar way, when the right side of the droplet moves to the left, more frictional tension
is added due to work that has to be spent to create a new solid-vapour interface. This is

balanced by the contact angle and can be represented as follows (Makkonen, 2017):

Ysv = Yv(cos 6, — cos6) 2.21

The force equilibrium can be represented as:

Ysv + VYsy = VsL + YwyCOs O, 2.22

The frictional parameters on the left side of equation 2.21 can be described as the work of
wetting. If the contact angle does not change when the contact line is moved the work of
wetting W; equals —yg; or —yg, depending on the direction of movement when considering

an irreversible process (Makkonen, 2017).

It is necessary to characterise the repellence of a material quantitatively, with precise
determination of the static contact angle as well as the roll-off angle and the contact angle
hysteresis (CAH). As the CAH plays an important role in the removal of the liquid from

surface.

Several attempts were made to study contact angle hysteresis. Adam and Jessop (1925)

included an external force in Young’s equation. For advancing it is given as:

Vsv = Yis = )/vaOSHa + FE 2.23

And for receding:

Ysv = Vis = ]/IUCOSHr - FE 2.24

F% is a friction force per unit length that acts on a triple contact line with equal intensity for

advancing and receding angles.
Good and Girifalco (1960) gave a different interpretation for Fj.

F, = y1,(cosBy — cos8,) 2.25
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E. = y,(cos0,. — cos Oy) 2.26

So, if friction force is the same at receding and advancing points, it can be defined as:

cos 6, + cos Ha) 2.27

6, =
v arccos( >

When two immiscible inert phases are brought together, they interact through physical
adhesion. Under the ideal conditions, the work done for adhesion and abhesion of these
surfaces would be equal. In real systems, hysteresis reflects deviation from idealised
conditions. The advancing contact angle for a spreading liquid is larger than the receding

angle and the difference between them is contact angle hysteresis.

Quéré (2002) derived a relationship between the CAH sticking force and the capillary force.

The capillary force can be calculated by the following equation:

F, = nby.y(cos B, — cosb,) 2.28

Where:

b- radius of the liquid contact with solid and it is related to the capillary length, k:

b~R?k 2.29
Where k is:

1_ (yw)%® 2.30

Kk (pg)

According to Quéré (2002) the contact of a liquid with a solid is dependent on the size of the
droplet. The drop sticks if the capillary force is larger than the weight of the particle.

Regardless of advances in the experimental methods and theoretical understanding of
wettability, the contact angle hysteresis remains not completely understood and generally
unpredictable for a range of liquids on surfaces. The contact angle hysteresis is mostly

attributed to the physical and chemical heterogeneity of a surface.
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2.5. Surface tension and surface free energy
As mentioned previously, surface energy and surface tension play a vital role in adhesion.
Understanding of spreading and liquid—solid interaction is inadequate without the

knowledge of solid—liquid interfacial free energy.

In the bulk phase of a liquid/solid each atom is surrounded by similar atoms and therefore
there is no net force. However, atoms at the surface experience this only at one side of the
interface and the difference arises from the asymmetric environment. In addition, other
factors exerted by the environment act only on the outermost atoms (Giese and van Oss,
2002). Consequently, the atoms at the interface have different energy distribution and are in
a higher energy state. This energy difference between the atoms in the bulk phase and at the

interface is the surface tension or surface free energy (SFE).

In contrast to solids, liquids have an ability to rise or get depressed in capillary tubes. Due
to the surface tension, liquids tend to contract to the smallest area possible. Laplace proved
that surface tension is not an independent property and that its existence is a consequence of
intermolecular forces that have a short range of action and the concentration of matter in the

gas phase is smaller than in the liquid (Bikerman, 2012).

Measuring the SFE of liquids is straightforward as it is equal to its surface tension and there
are various techniques for its determination. However, for solids only contact angle analysis
is capable of yielding the surface or interfacial properties. Researchers have attempted to
correlate solid SFE to measurable contact angles by developing empirical and semi-

empirical models (Giese and van Oss, 2002).

SFE values have to be calculated from a set of liquid/solid contact angles, obtained by
bringing various liquids with known surface tensions in contact with the solid. There are no
universal set of liquids or methods for testing solid surfaces and when choosing probe liquids
specific surface interactions, surface reactivity, and surface solubility need to be considered.
There are various theories that can be applied when calculating the solid SFE. The value of
the SFE depends on the theory used as well as the selected probe liquid. Review of the most

commonly used models for the calculation of SFE is presented below.

2.5.1. Zisman Theory

Zisman theory is a one component model for solid SFE estimation. The method proposes
the concept of ‘critical surface energy’ of a solid. It assumes the interfacial solid-liquid

energy decreases to zero when the SFE of the solid and the surface tension of the liquid are
18
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equal. It defines the SFE of the solid to be equal to the surface tension of the liquid that will
completely wet the surface with a contact angle of 0° (W. A. Zisman, 1964).

The Zisman theory is best applied to non-polar surfaces. If the tested surface is even slightly
polar the Zisman method becomes inadequate. This is because it attempts to characterise the
SFE by taking into account just one parameter and it ignores liquid-solid surface interactions.
An example of Zisman plot for characterising poly(methyl methacrylate) is shown below in
Figure 2.8. The following contact angle and liquid surface tension data were obtained from

Kruss TN-306.

Table 2-1 Liquid surface tension and contact angle data with poly(methyl methacrylate). Data from
Kruss TN 306 (Models for Surface Free Energy Calculation - Kruss TN 306, 1999).

Probe liquid Surface Contact Dispersive Polar

tension angle on component component

(mN/m) | poly(methyl (mN/m) (mN/m)
methacrylate)

n-hexane 18.4 0.0 18.4 0.0
n-heptane 19.9 0.0 19.9 0.0
n-octane 213 0.0 21.3 0.0
n-decane 23.8 0.0 23.8 0.0
cyclohexane 25.5 0.0 25.5 0.0
n-tetradecane 26.4 0.0 26.4 0.0
toluene 28.4 0.0 26.1 23
nitro-methane 36.5 16.5 22.0 14.5
methyl benzoate 37.2 3.9 27.0 10.2
benzyl alcohol 39.0 15.1 30.3 8.7
ethylene glycol 47.7 46.7 26.4 213
formamide 57.0 64.1 22.4 34.6
glycerol 63.4 61.5 37.0 26.4
water 72.8 75.6 26.4 46.4
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Figure 2.8 Zisman plot for poly(methyl methacrylate). Plotted using the data from Kruss TN306.

(Models for Surface Free Energy Calculation - Kruss TN 306, 1999).

From the Zisman plot, the surface energy of poly(methyl methacrylate) is determined to be
35 mJ/m?.

2.5.2. Owens/Wendt Theory

Owens/Wendt Theory is a two-component model. Owens and Wendt proposed SFE to
consist of a polar and a dispersive component to account for polar interactions between solids
and liquids. Theoretically, the dispersive component accounts for van der Waals and other
non-site-specific interactions. While, the polar component takes into account hydrogen
bonding, dipole-dipole, dipole-induced dipole and other interactions (Owens and Wendt,

1969).

The model is based on the following equations describing interactions between solids and

liquids (Models for Surface Free Energy Calculation - Kruss TN 306, 1999):
Good’s equation (Good and Girifalco, 1960):

D. D= P. PNs 2.31
Ys. =Vs v — 200 vs)2 — 20y, vs )2

Young’s equation:

Ys = Ys + Y1, cos O 2.32
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Where: y, - liquid surface tension, y? — dispersive component of the liquid surface tension,
¥ - polar component of the liquid surface tension, yg - SFE of the solid, ¥ - dispersive
component of the solid’s SFE , ¥& - polar component of the solid’s SFE, ys,, - the interfacial

surface tension, and 8 - the contact angle between the phases.
Owens and Wendt combined the Good’s equation together with Young’s equation:

yr (cos@ + 1)
2 (yHV?

(yp)l/z 2.33
= ¥))V? W + (V2
L

Hence, if the contact angles are obtained for a range of liquids on a solid and the surface
tension values are known together with their polar and dispersive parts. The data can be
plotted to obtain the best fit line and using the gradient of the slope, the polar component of
the SFE can be obtained using the equation above. An example of Owens/Wendt plot is
shown below in Figure 2.9 with seven liquids used for the analysis from Table 2-1(Models
for Surface Free Energy Calculation - Kruss TN 306, 1999). The results are an overall SFE
for poly(methyl methacrylate) of 38.0 mJ/m? , with 5.7 mJ/m? (calculated from the slope)
attributable to polar component and 32.3 mJ/m? to the dispersive one (calculated from the

intercept with y-axis).

Y. (cos 6 + 1)
2(}’,_0)1/?

T T T T T T T

00 0.2 04 06 08 10 12 14

(vE)"?

(YLD)I/E

Figure 2.9 Owens/Wendt plot for poly(methyl methacrylate). Plotted using the data from Kruss
TN306 (Models for Surface Free Energy Calculation - Kruss TN 306, 1999).
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To use this theory, it is important to obtain the polar and dispersive component values of the
liquid surface tension. This can be done using a standard reference surface such as PTFE.
PTFE is assumed to have a SFE of 18.0 mJ/m? without any polar type interactions. This
means that ys = yp and yp = 0. Substituting these values into the primary Owens/Wendt
equation yields the following equation (Models for Surface Free Energy Calculation - Kruss
TN 306, 1999):

vZ(cos Bprpg + 1)? 2.34
72

YD =

Where Oprpg is the probe liquid contact angle on PTFE

The dispersive surface tension component can be calculated if the overall surface tension is
known. The polar component can be obtained by calculating the difference between the

overall and dispersive surface tension components.

2.5.3. Fowkes Theory

Fowkes theory is also a two-component model for solid SFE. It is a widely used two
component theory and as the Owens and Wendt’s one needs a range of probe liquids to be
assessed. Fowkes theory assumes a solid SFE to have two components; a dispersive
component and a "non-dispersive" component. It is based on three equations describing the
interactions between solid surfaces and liquids (Fowkes, 1964). These equations are as

follows:
Young's Equation

Ys = Ys + Y1, cos O 2.35

Dupre's Definition of Adhesion Energy and

Is, = Vs +VL— Vs 2.36

Where I; is adhesion energy between a solid and a liquid

This adhesive energy can be separated into dispersive and non-dispersive components.

I, = 2[(WD)YV2(rH)Y2 + (vDYYV2(rEHYYV? 2.37
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These three equations are combined to yield:

Vi (cos6 +1) 2.38
GGV + DV =

Assessing a solid with a probe liquid with only dispersive surface tension generates the

following equation:

p Vi (cosf +1)? 2.39
Vs = 4

The dispersive component can be obtained from the contact angle data. The polar component
of the solid SFE can be calculated by measuring the contact angle with the probe liquid
containing both dispersive and non-dispersive surface tension components via Fowkes’

equation. After obtaining both parts the overall value can be calculated as:

Ys =vs +ve 2.40

This theory can be applied to contact angle data from only two liquids. The adhesion energy
foresees that the greatest adhesion will arise when a substrate with a given percentage of
surface polarity is wet with the liquid that has the similar percentage of surface polarity

(Models for Surface Free Energy Calculation - Kruss TN 3006, 1999).

2.5.4. Van Oss theory

The van Oss theory is a three-component model, it separates the SFE into a dispersive, an
acid and a base component. The dispersive component characterises the van der Waals
interactions. The acid component characterises the tendency of the surface to interact with
the liquids that have the ability to donate electron density thus act as basic and for the base

component it is vice versa (Van Oss, Good and Chaudhury, 1986).

The primary equation is expressed as:

yi(cosO +1) = 2[(yP ¥ + (i vH)V* + (vifvs)Y? 2.41

Where:

yi is the acid component of the liquid surface tension
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y. is the base component of the liquid surface tension
Y5 is the acid component of the solid SFE
Ys is the base component of the solid SFE

Three probe liquids must be used. The first one with only adispersive component in its

surface tension. After which the following formula is used:

Yy (cos @ + 1) = 2(yPy2)V/? 2.42

Once the solid’s dispersive component is obtained, the acid and base components can be
calculated by contact angles with two more probe liquids in a similar way (liquids with just
acid or base components) (Models for Surface Free Energy Calculation - Kruss TN 306,
1999).
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2.6. Summary of SFE theories

Table 2-2 Summary of SFE theories. Surface type information from (Models for Surface Free Energy
Calculation - Kruss TN 306, 1999)

Theory Definition Surface type

Zisman One component model for solid SFE. Suitable for non-polar
Defines the solid’s SFE to be equal to the | surfaces
surface tension of the liquid that will

completely wet the surface.

A range of probe liquids have to be used.

Owens/Wendt | Two component model that takes into Suitable for moderately

account dispersive and polar interactions. | polar surfaces

A range of probe liquids have to be used.

Fowkes Two component model that takes into Suitable for coatings
account a dispersive component and a non-

dispersive component.

Two probe liquids have to be used.

Van Oss Three component model that takes into Suitable for ionic surfaces
account dispersive, acid and base

components.

Three probe liquids have to be used.
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2.7. Regimes of wetting and effect of surface roughness

As mentioned in the previous section, surfaces exhibit physical and chemical inhomogeneity.
Thus, the idealised young’s equation is not applicable for rough surfaces. Wenzel modified
the Young’s equation to account for this and introduced a roughness term. The wetting model
assumes that the liquid is in complete contact with the solid (Figure 2.14 regimes of wetting)
which makes it harder for the drop to roll off due to the larger interfacial contact area (Li et

al., 2016). The Wenzel wetting is described by the equation below:

cos(6y,) = rcos by 2.43
Where:

0y — apparent contact angle
r- roughness ratio factor
Oy - Young’s contact angle, the contact angle as defined for a perfect, smooth surface

Apparent contact angle (Wenzel contact angle) plotted as a function of the Young’s contact
angle is represented in Figure 2.10 where 6,, corresponds to the apparent contact angle
measured on the surface while 8y is Young’s contact angle corresponding to the intrinsic
contact angle on a chemically and physically homogeneous surface. The effect of surface
roughness depends on the roughness ratio introduced into equation 2.43. The roughness ratio
r represents a perfectly homogeneous surface, values of 1.2 and 3 represent surfaces with
increased roughness. The plot helps differentiate the regions of high wettability, repellence
and super repellence. As can be seen from the plot, for 8y below 90° the measured 8,, is
lower which means that the introduced roughness enhances wettability of the surface. For
the repellent region, 8y, above 90° the effect is opposite, repellence is enhanced and at a
certain point of roughness ratio r it is possible to achieve 8,, in the region of super repellence,

6,, above 150°.
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Figure 2.10 Representation of the Wenzel’s apparent contact angle as a function of the Young’s

contact angle for the r values: 1, 1.2 and 3

Packham (1996) has studied the influence of surface roughness on adhesion. The complex
interaction of surface chemistry and roughness, referring to both adsorption and mechanical
interlocking theories of adhesion, are used to explain the increased adhesion resulting from
micro or nano rough surfaces. It is well known that in order to achieve improved abhesion
the specific surface area should be minimised. Packham discusses that liquid penetration into
a capillary (roughness groove) can be derived by equating the spreading pressure of the
liquid to the resisting pressure due to trapped air. At equilibrium, the distance, X, penetrated

is given by:

x=k(1—{ Pa }) 2.44

2[2y, cos 8 + Pa]
Where k is capillary length, P is the capillary pressure, a is the capillary radius, 6 is the
contact angle and y; is the surface tension of the liquid.
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Another way to look at this phenomenon on the surface is to assume that roughness grooves
act as capillaries. In the capillary rise of a liquid in the tube, the height (h) gained by the
liquid can be determined by the equilibrium contact angle. This capillary effect is due to the
fact that interfacial surface tension of solid with air is larger than that of solid with liquid.
The liquid rises up to the height at which the interfacial surface tension balances the weight

of the raised liquid in the capillary.

Figure 2.11 Capillary rise in hydrophilic (green) and hydrophobic (blue) tubes with different

diameters

This capillary effect can be seen in Figure 2.11, green capillaries being hydrophilic (contact
angle below 90°) and blue hydrophobic (contact angle above 90°). For hydrophilic
capillaries immersed in water, the water is dragged up the capillary by surface tension until
the weight of the water column displaced equals the drag from the surface tension. This
effect is greater for capillaries (tubes) with smaller diameter. The opposite effect takes place

at hydrophobic capillaries.

The height of the raised liquid can be calculated using the Jurin’s height equation (Lautrup,
2011):

h = ZSCOSQ 245

where:

k is capillary length
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a is radius of the tube

Jurin’s height equation is derived from the Young-Laplace equation for the capillary

pressure:

p= 2y 1y cos 6 2.46

a

Figure 2.12 and Figure 2.13 show the capillary rise as a function of capillary radius for water
and for diiodo-methane. Diiodo-methane is liquid with lower capillary length (1.25mm)
compared to water (2.71mm). As can be seen from the graph, the diiodo-methane exhibits

lower capillary movement (r).
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Figure 2.12 Capillary rise for water
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These equations will not necessarily hold in tiny capillaries. Although the capillary rise

phenomenon does hold for very small diameter capillaries, it is not clear if it can be applied

for nano-scale capillaries (Caupin ef al., 2008).

At the specific capillary radius and pressure it is more energetically favourable for the liquid

not to penetrate into the roughness grooves (Lautrup, 2011) as it will minimise the interfacial

contact area. Thus, a droplet exhibits local capillary action. Cassie and Baxter suggested a

heterogeneous contact model where liquid does not penetrate into the roughness grooves of

the material as there is an entrapped air and it just remains on top in the “Fakir state”. In this

wetting model the droplet sits on the composite surface, of air and solid (Li ef al., 2016)

(Figure 2.14).

Equation for Cassie-Baxter wetting regime:

cos(By) = 1fcosf + f —1

Where:

77~ the roughness ratio of the wet surface area

f - the fraction of solid surface wet by the liquid

2.47

The Wenzel and Cassie-Baxter states can transit into each other under some conditions (Li

et al., 2016). When the fraction of solid surface wet by liquid, f, is equal to one and the

roughness ratio, 7y, of the wet surface is equal to the roughness ratio, the Cassie-Baxter

transforms into the Wenzel equation.
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Figure 2.14 regimes of wetting, regions wetted (blue), non-wetted (yellow)

Contact angle is a simplistic method that is easily measured using optical goniometry. The
proposed wetting models assume ideal conditions, also it is possible for the liquid not be at
a chemical or physical equilibrium state during the contact angle measurements. The concept
of metastable states was first introduced by Derjaguin. Further development of this important
idea has provided a basis for the deeper understanding of contact angle hysteresis (Lam et
al., 2001). The contact angle varies along the three-phase contact line for a liquid drop
deposited on a rough surface. Contact angles are measured macroscopically for droplets
millimetres in size, due to this global contact points known as apparent contact angles are
reported instead of the local ones (Jaroslaw W. Drelich, 2019). As the real surfaces are never
chemically and physically homogeneous, Gibbs energy varies for each local contact angle.
A droplet can exhibit one of the metastable states. Both apparent receding and advancing
angles are metastable angles as they might change to different values by physical stimuli.

The most stable contact angle is at the lowest Gibbs energy (Jaroslaw W. Drelich, 2019).
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CHAPTER 3. LITERATURE REVIEW

3.1. Introduction

The research reported in this thesis is trying to identify the design rules for the development
of super repellent coatings. Covering the topics of surface chemistry and topography to
decouple their individual contributions to the level of the surface abhesion. This chapter is
a critical review of the associated literature providing the understanding of the state of art

and identifying the knowledge gap.

3.2. Super repellence in nature

Fabrication of super repellent coatings is an inspiration from nature. Biological topography
on the external surfaces of animals, insects, and plants are remarkably advanced and
practical, with abilities to perform multiple functions. These natural structures offer insights

into the design of functional artificial surfaces.

Classical example of super hydrophobicity is lotus leaves, which is used to emphasise the
importance of surface chemistry and surface topography. This behavior of water droplets
rolling off the surface is mainly due to the combination of rough micro-nanostructure and
low SFE waxy materials on their surfaces. This concept was well elaborated by Barthlott
and Neinhuis (1997) and the characterisation of about 200 water repellent species was
presented. They reported that the water penetrates between those trichomes lacking wax
crystals due to the hydrostatic pressure of a water droplet. However, it was difficult to
ascertain whether water-repellence depends on the very dense arrangement of wax crystals.
It was presumed that the scale of epidermal papillae or trichomes seems to be less important
as long as wax crystals are present on the surface as the main causes of water-repellence are
epicuticular waxes. Conversely, surface analyses have shown the necessity of surface
structures. The hydrophobic properties are extremely dependent on roughness as described
by the Wenzel and Cassie—Baxter equations (Wenzel, 1936; Cassie and Baxter, 1944). The
properties and functions of the materials in nature arise from the structural arrangement of
simple building blocks, rather than the chemical diversity (Eder, Amini and Fratzl, 2018).
In nature the superhydrophobic design forms four general groups: pillar like and dome shape,
varied shape of a few micrometres in one dimension, hair or setae usually longer than 5 pm
with a much smaller diameter, and hierarchical organization that is a combination of these

elements (Nguyen-Tri ef al., 2019).
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In 2011, Guo et al. studied natural superhydrophobic surfaces. The obtained SEM images
showed that lotus leaf surface is uniformly textured with 3—10 um size protrusions and
valleys with 70-100 nm nanometer-sized particles of a hydrophobic wax-like material.
Surface also had a random distribution of 50nm nano-sticks. Comparable surface structure
and wetting property was also observed on the rice leaf. Rice leaf exhibited the papillae with
average diameter of about 5—8um arranged in one-dimensional order on the surface. Nano-
scale pins that trap air were also observed on the surface. In addition to lotus leaf and rice
leaf, taro leaf shows super-hydrophobicity with a hierarchical structure. Its unique micro-
structure displays uniformly distributed elliptic protrusions with average diameter of 10um

together with nanoscale pins resulting in a hierarchical structure.

However, surface topography does have its limitations. Herminghaus (2000) described that
when Cotinus coggygria Scop leaf is submerged at a depth of 20 cm for a few seconds it
loses its repellence. Similar observations were made with other leaves, such as Cercis
siliquastrum L. or Ginkgo biloba L. The layer of air trapped by the papillae/surface structures
often mentioned as plastron disappears under hydrostatic pressure. While plastron can
remain stable when exposed to small amounts of water, at a certain point the hydrostatic
pressure makes it unstable, and the wetting regime transitions from Cassie state to Wenzel
state. One of the examples of the stable plastron is shown in Springtails. They usually live
in a polluted environments containing decaying organic matter and their skin not only shows
super hydrophobicity but also exhibits super olephobic behaviour. Its oleophobicity can
prevent a range of organic liquids from wetting its skin. This behaviour also results in a
plastron which remains stable even after immersion in water, organic liquids and even
ethanol. The scanning electron microscope (SEM) image of Springtail’s skin revealed that
it has numerous bristles and rhombic meshes of interconnected nano-granules that result in

a re-entrant topography (Yong et al., 2017).

Another interesting surface hydrophobic and oleophobic behaviour from the nature can be
observed in fish scales. Fish have an ability of swimming in oil - contaminated water without
staining their scales. This ability is derived by scales having super oleohobicity in
surrounding environment containing water. Fish scales are made up of hydrophilic calcium
phosphate and protein, coated by mucus layer. The scale also consists of dual — scale
roughness composed of rough micropapillae. This combination of surface chemistry and
topography results in fish scale being super hydrophilic and super oleophilic in air having

contact angles with these liquids close to zero. However, immersion in water leads to the
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transition in wettability and the scales start to exhibit superoleophobicity. This is caused by
water being trapped in surface structures generating super — oil repellent surface (Yong et

al., 2017).

As observed from nature it is imperative to assess the thermodynamic robustness of the
surface and understand that the wettability can transition depending on the surrounding

environment and liquids involved.

3.3. Robustness

Coating/surface “Robustness” is the ability of the surface to withstand adverse conditions or
rigorous testing. This term can refer to different aspects but the main ones are chemical,
mechanical and thermodynamic robustness. These areas are tested differently by resistance
to mechanical abrasion or chemical attack. For the super repellent surfaces, tests are
performed to determine the effect on contact angle, roll off angle and contact angle
hysteresis. Some studies have focused on applying hydrostatic pressure to Cassie state of the
surface to determine its stability to compression, tests, immersion tests, impact of the droplet

tests.

The robustness in this thesis will be referred to the thermodynamic one rather than
mechanical or chemical one. It will assess the ability of the surface to maintain Cassie state

when exposed to probe liquid blends with low liquid surface tensions.

3.4. Application of repellent surfaces

The repellence to a range of liquids is one of the key surface properties of materials and it
can play an important part in a range of practical or industrial applications. The artificial
repellent / hydrophobic / oleophobic attributes of surfaces can find useful application in
industry. The uses of superhydrophobic surfaces are not limited to anti-fouling, self-
cleaning, anti-icing, drag reduction and anti-fogging applications. The oleophobic coatings
/ surfaces, can be used in marine anti-fouling, fluid power systems, anti-oil treatment of oil
pipelines, mould — release, resistance against wax deposition in fuel oil tanks, anti-crawling

materials and against bio-adhesion (Valipour M., Birjandi and Sargolzaei, 2014).

3.5. Designing repellence

Learning from nature, low SFE wax is essential for the plants, animals, insects, etc. to
maintain their ability to repel water. The SFE determines the degree of surface wettability.

Low energy surfaces exhibit reduced intermolecular attractive forces. Hence, spreading of
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the liquid on the surface is reduced along with any physical or chemical bonds which result
in low adhesion levels. Interaction of the materials takes place at the molecular level
interface, due to this the properties of the surface depend on its molecular composition and

orientation (Arkles, Pan and Mi Kim, 2009).

Surfaces to be rendered repellent/hydrophobic generally are polar with hydrogen bonding
sites. A hydrophobic coating or surface treatment needs to eliminate hydrogen bonding sites
and prevent polar surfaces/sites from interaction with water by creating a non-polar surface.
The surface hydroxyl groups are the active sites for hydrogen bonding. The hydroxyl groups
can be ousted by bond formation with organosilanes. Examples of materials commonly used
for such purposes are the polymethylsiloxanes; the high molecular weight fatty acids,
amines, amides, and alcohols; various types of highly fluorinated fatty acids and alcohols;

and the fluorocarbon resins (Arkles, Pan and Mi Kim, 2009).

Zisman (1964) found that the SFE depends on the constituent groups in polymers, as follows:
CH2 (36mN/m) > CH3 (30 mN/m) > CF2 (23 mN/m) > CF3 (15 mN/m). He also reported
that the replacement of a single fluorine atom by a hydrogen atom in a terminal -CF 3 group
doubles the critical surface energy. The fluoroalkylsilane molecule is bifunctional with a
silane termination which will bond to many different types of substrates whilst a highly
fluorinated chain is terminated with a CF3 group at the other end. Fluorinated groups migrate
to the outer surface in the coating as it is thermodynamically more favourable to minimise
the SFE. After molecular bonding with the substrate, the fluorinated chain forms self-
assembled monolayers (SAMs) on substrates. Perfluorinated alkanes are known to have
lower water solubilities than the corresponding hydrocarbons, while they also exhibit high
level of lipophobicity. The though-provoking observation regarding the increased
hydrophobicity is that the free energy of hydration per unit hydrophobic surface area is
similar for both hydrocarbons and fluorocarbons. C-F bond exhibits higher dipole moment
than the C-H bond and owing to that a stronger binding with dipolar water might be
anticipated. The dispersion interactions of C-F are expected to be more attractive than those
of C-H with water due to the polarizability of F in the C-F bond being higher than in the C-
H bond. The fluorocarbon surface could be argued to be more hydrophilic. However, the
fluorocarbon with a molecular cross-section of 28.3 4? occupies more volume in water than
the corresponding hydrocarbon with molecular cross-section of 18.9 A42. Therefore, the work
done to form a cavity to hold a fluorocarbon offsets the expected free-energy value from

greater energetic interactions with water. In terms of the hydrophobic fluorinated coatings,
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this argument does not apply, and it might be predicting that such surface is more
hydrophilic than a hydrocarbon surface, in contrast to experimental observations. It is also

not clear whether there is an additional “polar hydrophobic” effect (Dalvi and Rossky, 2010).

3.6. Review of experimentally obtained repellent surfaces

As mentioned in chapter 2, high level of repellence is achieved by the appropriate selection
and combination of surface roughness and surface chemistry of the substrate / coating.
Various methods are available to fabricate such surfaces. They are generally classed into two
categories: bottom-up and top-down approach. Nevertheless, the combination of both
approaches can also be used in order to build up dual scale roughness. The top — down
approach can be used to achieved micro — scale roughness after which the nano — scale
roughness can be added via bottom — up techniques. The bottom-up approach may involve
processes such as sol-gel, self-assembly, electrostatic spinning, chemical vapour deposition
and so on. The Top-down method includes plasma treatment, lithography patterning,
template method, etching method etc. The more detailed description of several techniques

for both categories is provided below.

3.6.1. The bottom-up approach

The bottom-up approach refers to the addition of material to the surface in order to create a
specific topography or roughness. It generally involves forming a complex surface by
addition of materials via sol-gel method, layer by layer deposition, chemical vapour
deposition and electrochemical deposition. Chemical vapour deposition is a method in which
gaseous reactants are deposited on a substrate to form a non-volatile film (Subhash Latthe et
al., 2012). The precursor such as silane is evaporated and allowed to react with the surface
to functionalise it or create a thin film. The advantage of this method is that can be used on
a range of substrates, both rough and planar. However, it requires time, special equipment
and is not feasible for large surfaces. The layer-by-layer approach is a solution-dipping
method. It can be used to produce multi-layered films on the substrate and can be used to
build up roughness (for example nanoparticle addition). Electrochemical processes such as
anodizing, electrodeposition and galvanic deposition can also be used for the formation of
repellent surfaces by the bottom-up approach. Electrospinning is used to produce the
continuous nanofibers or filaments from polymers. Fibres with diameter ranging from
nanometre to submicron scale can be extruded (Subhash Latthe et al., 2012). Which are
useful in achieving high levels of surface roughness to obtain repellence. The sol-gel method

involves the hydrolysis reaction of metal alkoxide groups followed by the condensation
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reaction. The sol-gel method is described in detail in Chapter 7, where it was used to fabricate
silica nanoparticles to be used as nano-additives to build up nano-scale roughness on the
substrate. The advantage of the nano-additives is that they can be incorporated into the

coating (Jeevahan et al., 2018).

3.6.2. The top-down approach

The top — down methods refers to the material removal / roughening process for the surface
fabrication. Techniques such as lithography, laser treatment, templating, micromachining,
plasma treatments, blasting, etching, etc. are considered top — down approaches for the
fabrication of repellent surfaces. In the templating technique, a template is prepared after
which a coating material is filled and pressed against the template so a pattern can be formed.
The technique is used to produce polymeric repellent materials. Photolithography technique
provides a better control over the surface structuring and is generally used to create micro
and nano patterns. It is used to produce complex topographies such as circular or square
pillars with a range of diameters and spacings. The method involves irradiating a light (or
X-ray, electron beam, etc. can also be used) through a mask onto a photoactive polymer after
which exposed or unexposed polymer is removed to produce a copy of the patterned mask.
Another top — down method frequently used is etching in which a chemical reaction is used
to erode a material to produce a roughened surface. Etching method could involve chemical
etching, laser etching and plasma etching (Jeevahan et al., 2018). Another method that can
be used is grit blasting and it is described in detail in Chapter 6.

3.6.3. Limitation of the fabrication methodologies

The artificial fabrication of bio-mimetic super repellent structures can be performed but due
to its complexity its application in industry is limited and not feasible. Most of the described
methods require strict conditions, complex processes involving expensive materials,
meaning that it is complicated to scale them up for practical application. Therefore,
developing other facile methods for fabrication of super abhesive surfaces is required.
Learning from nature and understanding the specific combination of surface chemistry
together with surface roughness that creates a repellent surface will enable creation of super-
repellent surfaces for various liquids. Table 3-1 reviews experimentally obtained repellent
surfaces on glass and stainless steel by various researchers. The focus is on glass and
stainless steel as those are the substrates studied in the PhD project. The table highlights

which physical and chemical treatments were used and what was the result of those
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treatments in terms of water contact angle, as it is the most reported definition of repellence

level.
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Table 3-1 Review of experimentally obtained repellent surfaces

Chapter 3. Literature review

Substrate Chemical treatment Physical treatment Water contact | Sliding angle Reference
angle °)
(@)
Glass Hexadecyltriethoxysilane No treatment 100
Glass OFTES No treatment 80
Glass TFTES No treatment 90
Glass 10% solution of octafluorosilane dissolved | Mix of silica sol with 163 _
in 1:2 water—methanol mixture Aerosil 300 with 7 nm (Dopierala ez al., 2013)
Glass 10% solution of octafluorosilane dissolved | Mix of silica sol and 150
in 1:2 water—methanol mixture Aerosil 130 with the
particle diameter 16 nm
Stainless steel n/a-R,2.2 (£0.6) nm | 47
Stainless steel dipodal silanes F-8 and F-12 >110
(Kaynak et al., 2017)
Mild steel panels pristine silicone resin No treatment 93 60
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Mild steel panels Silicone resin 157 28 (Anitha, S. and
incorporated with metal Mayavan, 2018)
silicates (nanosilica,
nanotitania
and aluminium
stearate)

Austenitic stainless Fluorination with trichloro (1H,1H,2H,2H- | Etching with 166 5 (Kim et al., 2018)

steel (type AISI 304) | perfluorooctyl) silane Hydrofluoric acid

Austenitic stainless Fluorination with trichloro (1H,1H,2H,2H- | Etching with 168 2

steel (type AISI 304) | perfluorooctyl) silane Hydrofluoric acid
followed with etching
with NaCl

Glass 1H,2H,2H- N/A 110 (Marczak et al., 2016)

perfluorotetradecyltriethoxysilane

Glass PTFE thin films deposited by pulsed laser | RMS 10 nm 96 (Alawajji, Kannarpady

deposition time 30 min

and Biris, 2018)
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Glass PTFE thin films deposited by pulsed laser | RMS 36.4 nm 151
deposition time 60 min
Stainless steel 304 Immersed into stearic acid solution (0.05 | fSiO2-assisted 162 (Zhang et al., 2020)

mol/L) for 1 h at room temperature.

Hydrofluoric acid
etching

The stainless-steel
wire mesh substrates
(#300)

FAS-GPTS modification

polyurethane—SiO2
nanoparticle coating
and wire mesh
substrate

a water / oil
contact angles
of 159/ 140°

3/10

(Yousefi et al., 2018)

Low carbon steel Q | The fluoroalkyl silane used was F8815, Polyurethane base 153 (West et al., 2016)
panels provided by Dynasylan surface treated with

optimised oxygen/

argon plasma
Glass substrates and | Polydimethylsiloxane—silica 158 — 160 (Basu, Dinesh Kumar

aluminum coupons

nanocomposite double layer coating with
fluoroalkyl silane as topcoat.

and Anandan, 2012)
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The 304 stainless 3-(1,1,2,2,3,3,4,4- KOH solution 108 and 103 (Szubert et al., 2018)
steel discs Octafluoropentyloxy)propyltriethoxysilane

and methanol

ata 5:95 vol ratio
The 304 stainless No treatment No treatment 90
steel discs
K9 glass or silicon HMDS Hollow silica 156 (Tao et al., 2016)
substrates nanoparticles
Glass Epoxy coating 73 (Lei et al., 2018)
Glass Epoxy coating 113

+ heptadecafluorodecyl triethoxysilane
treatment
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3.7. Summary and knowledge gap

Understanding the specific combination of surface chemistry together with surface
roughness that creates a repellent surface will enable creation of super-repellent surfaces for
various liquids. Table 3-1 reviews experimentally obtained repellent surfaces on glass and
stainless steel by various researchers. Most of the papers studying repellent substrates focus
on hydrophobicity and use high water contact angle as the main definition of repellence.
Thus, it is hard to assess the performance of the given treatments with non-polar probe

liquids and liquids with lower surface tensions.

The highest water contact angle achieved on the planar glass surface from the reviewed
literature is 110° (Table 3-1). Which is obtained by treating the surface with
perfluorotetradecyltriethoxysilane. Water contact angle higher than 110 ° is achievable by
roughening the substrate or by applying a nanocomposite coating. With incorporated surface
roughness the water contact angles reported are higher than 150°. Which demonstrate the
importance of surface topography on the enhancement of repellence. From the literature
review, most research is concentrated on super hydrophobicity and static contact angle
measurements with water. However, to obtain super repellence liquid-surface interaction has
to be studied for a variety of liquids; polar, non-polar and low surface tension liquids. As
discussed in Chapter 2, high static contact angles do not mean that there will be no pinning
on the liquid on the surface (petal effect) or that roll-off angle and contact angle hysteresis

will be low.
This thesis will review the following aspects to address the identified knowledge gap:

e Decouple effect of surface chemistry and surface topography on repellence
o Smooth substrates
o Micro-scale
o Nano-scale
o Dual-scale
e Study the effect of fluorinated and non-fluorinated treatments on repellence
e Develop a new assessment criteria for wettability evaluation of repellent surfaces
o Assess wettability as a function of surface tilt

o Evaluate repellence with variety of probe liquids
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4.1. Overview

In this chapter, techniques used to characterise obtained surfaces are described. Surfaces
with planar (chapter 5), engineered (chapter 6) and nano-scale roughness (chapter 7) were
prepared and treated with fluorinated and non-fluorinated treatments to promote repellence.
The assessment/characterisation methodology focused on the surface topography, surface
chemistry and most importantly wettability to various liquids. An illustrative description of

used methodology is presented in Figure 4.1.

Substrates

Change Roughness

Validate planar Engineered roughness

signation — - Grit blasting Nano-scale topography

as
Topographic evidence

Surface Roughness

Figure 4.1 Evaluation methodology
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4.2. Substrates used and surface preparation

For the evaluation of the planar surfaces glass substrates and stainless steel coupons with 2B
and mirror finish were used. Glass was selected as a substrate because it exhibits minimal
surface roughness, and its topographic characteristics should not have an effect on
repellence. Stainless steel 304 with the mirror finish was obtained from Just Stainless,
Resurgem Ltd. Stainless steel 304 (SS304) coupons with 2B surface finish were obtained
from Q-lab corporation. The data from the manufacturer suggests that the chemical
composition of SS 304 steel panels is 0.60% max manganese, 0.15% max carbon, 0.030%
max phosphorus, 0.035% max sulphur. The roughness of the selected substrates was

evaluated by a range of profilometers and microscopes to validate their planar assignation.

4.2.1. Grit blasting

For the engineered roughness grit blasting was chosen to generate substrates with different
levels of roughness. It was intended that the process would minimise variability that might
arise from surface treatments such as chemical etching and provide reproducible method.
The grit blasting process used different sizes of alumina abrasive media particles. The grit
sizes used were 240, 220, 100, 60 and 36 that were blasted at different pressures of 40,40,
40, 50 and 70 psi respectively. The blasting was performed as a single pass to avoid over
blasting the samples. SS304 coupons with 2B finish were used as a basis for grit blasting
treatment. Figure 4.2 shows the simplified schematic of grit blasting process; the abrasive
particles of a specific size are blasted onto the substrate under specific pressure (Figure 4.3)

to increase the roughness.

abrasive and air

Figure 4.2 Grit blasting process
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RN

Planar substrates

Grit 240 Grit 220 Grit 100 Grit 60 Grit 36
40 psi 40 psi 40 psi 50 psi 70 psi
NS NS NS NS NS

Figure 4.3 Sizes of grit used and blasting pressures

The substrates obtained exhibited different levels of topographic characteristics and

glossiness as can be seen in Figure 4.4.

Figure 4.4 Stainless steel substrates; Mirror finish, 2B Finish, Grit 100, Grit 60 and Grit 36

4.3. Methodologies for topographic evaluation

Measurement of surface roughness and determination of statistical roughness parameters is
a significant topic in surface science and engineering. There are various techniques and
equipment available such as confocal microscopes, mechanical profilometers,
interferometry techniques, etc. For the roughness measurements in this project the following
equipment was used; Atomic force microscopy (AFM), White light interferometry (WLI),
Alicona microscope and surface profilometer (Surfcom). The reason for selecting a range of
measurement equipment using different techniques was to compare the roughness
parameters obtained and as each equipment has different resolution, this will provide

information about a range of roughness from nano- to micro- scale.

AFM and Surface profilometer both are contact measurement equipment. The stylus type

profilometers can give the information about the roughness profile if the stylus tip is smaller
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compared to the lateral size of the surface irregularities. Surfcom gives only one-dimensional
roughness data that is based on the average surface height deviations and is impractical to
evaluate a two-dimensional surface. On the other hand AFM is a scanning probe microscope
having higher resolution (sub-nanometer scale) that generates a 3D image of the evaluation
area. Due to the limitations of the contact measurement techniques, interferometric methods
have been developed. However interferometric techniques also have limitations;
measurement based on fringe contrast requires that the roughness height must be a small
fraction of the wavelength (Asakura, 1978). The more detailed information on each

technique is described below.

4.3.1. Atomic force microscopy

Figure 4.5 AFM used in this project and schematic of AFM technique

Atomic force microscopy provides a 3D profile by measuring the forces between the probe
and the surface of the sample. The AFM tip touches the substrate and records the force. This
force is described by Hooke’s law (De Oliveira et al., 2012):

F=—-kXx 4.1

Where F is force, k is the spring constant and x the cantilever deflection. Force between the
tip and the sample affects how the probe interacts with the sample. If there are repulsive
forces, the probe will be in contact with the sample and in case of the attractive forces the
probe will be in no contact with the sample. There are three modes for the imaging: contact,

intermittent contact, and the non-contact mode. The movement of the tip is controlled by a
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piezo-electric tube scanner. The very important component is a probe as different probes
measure different properties. Also, probe defines the force that is applied on the sample and
it has to be selected based on the imaging mode and the application (De Oliveira et al., 2012).
The Atomic Force Microscope used in this study was an Innova AFM (Bruker, Germany).
Coating/substrate samples were cut in 2 x 1 cm and then placed on the positioning unit. The
AFM used was operating in Peakforce Quantitative Nano-mechanical tapping mode using a
silicon tip on a nitride cantilever probe (Bruker, nominal spring constant 0.4974 N/m,

nominal resonance frequency of 70 kHz).

4.3.2. Surface Profilometer

measurement

Figure 4.6 Photo of Zeiss Surfcom 1304 and schematic

Zeiss Surfcom 130A is a stylus profilometer used to measure 2D roughness profile of a
surface. Surfcom 130 is a tracing driver with free stylus-and-arm system (Figure 4.6).
Similarly, to AFM, it uses a stylus (tip) to obtain roughness data. Waviness is measured
through its 50 mm tracing driver while the roughness on radii is measured based on its 1.6
mm deflection range. The 10 mm evaluation length was used with the cut-off value of 0.8

mm to obtain the roughness data with surface profilometer.
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4.3.3. White light Interferometry

Beam
splitter

P

Figure 4.7 White Light Interferometry used and a schematic of process

The White Light Interferometry (WLI) is a non-contact optical measurement equipment. It
provides a beam from the light source that is divided into two by a beam splitter. One beam
is reflected from the reference mirror while the other is reflected from the sample. These two
reflected beams are recombined by the beam splitter to create an interferogram (J.Schmit,
2013). For this study, 3D White Light Interferometer (WLI, Bruker Contour GT-K 3D
Optical Microscope) was used to record three-dimensional surface topographies of
substrates and coatings. The magnification lenses used in measurements were 2.5, 20 and
50. The Vertical Scanning Interferometry (VSI) mode with the white light source was used
for substrates with high level of surface roughness while for the planar / smooth ones the
Phase Shift Interference (PSI) mode was used. The obtained WLI datasets were filtered to
remove the tilt from the profile and obtain roughness parameters. Examples of obtained WLI

images are given in Figure 4.8.
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Figure 4.8 WLI of glass (top) and stainless steel 2B finish
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4.3.4. Alicona microscope

Figure 4.9 Alicona microscope

Alicona is an optical 3D measurement equipment with vertical resolution of up to 10nm.
Alicona uses the method called focus variation to measure the form and roughness of the
sample. The light from the white light source is focused onto the sample via the objective.
The sample reflects the light back into different directions depending on the topography. All
the light that is reflected back by the specimen is gathered by the light sensor behind the
beam splitting mirror. Algorithms convert the collected data into 3D information and
generate a true colour image with the full depth by the analysis of the focus variation. The
Focus-Variation can measure surfaces with R, value of as low as 0.009 um (Focus-Variation
- The technical principle, no date). The magnification used for the measurement of samples
was 2.5. The obtained measurements / images were filtered to remove tilt after which the

roughness parameters were obtained.
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4.3.5. Roughness parameters

The roughness measurement equipment described above produces values of roughness
parameters. However, the real surface topography is so complex that a finite number of
parameters cannot provide a full description of it. There are a range of statistical roughness
parameters that can be used to describe it and the use of increased number of parameters can
provide a more accurate description. These parameters are generally categorised into three
groups; amplitude parameters, spacing parameters, and hybrid parameters. The parameters
used to characterise the surface topography in this project are described below. Parameters
were selected to characterise roughness and to identify if there is a correlation between a

specific roughness parameter and surface wettability.

4.3.5.1. The amplitude parameters

The Roughness average (R,,) is a widely used height parameter as it is easily obtained. It is
a mean of the absolute surface profile; it does not distinguish between peaks and valleys and
thus it is not useful to characterise them. More refined parameters can be used for better

characterisation. The Root mean square roughness (R) is the square of the roughness

average parameter. Maximum profile valley depth (Ry), Maximum profile peak height
(R max) and Maximum height of the profile (Ry) give the values of the deepest valley, highest
peak and the distance/height between them across the surface profile from the baseline
respectively. The average values of these parameters can also be obtained. Ten-point average
roughness (Ry) is the average of the five highest peaks added to the five deepest valleys
(Gadelmawla et al., 2002).

4.3.5.2. The Spacing parameters

Mean spacing (Rg,,) describes the average spacing between the peaks in the length of
evaluation.

4.3.5.3. Characteristics in the height direction

Skewness (R ) measures the symmetry of the profile across the baseline. The symmetrical
distribution with equal number of peaks and valleys would have a zero skewness. The
positive value of skewness indicates that the topography mainly consists of peaks while the
negative value indicates that there are more valleys. Skewness is a useful value to distinguish
between profiles with similar mean roughness value as it helps to identify if their shape is

similar. Kurtosis (Ry,) is used to define the sharpness of the profile’s probability density
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curve. If the kurtosis value is less than three, the curve is platykurtoic which means that the
profile has few high peaks and valleys. If the value is above three, the curve is leptokurtoic
and has many high peaks and valleys. Root mean square slope (Rgq) is @ mean absolute
profile slope across the evaluation length. The property such as hydrodynamic lubrication is

affected by this parameter (Gadelmawla et al., 2002).

4.3.5.4. Parameters expressed as mathematical formulae

The parameters that were used in this project are described as mathematical formulae in the

Table 4-1.

Table 4-1 Description of roughness parameters

Parameter Mathematical Formula as expressed by Gadelmawla et al.
(2002)
1 (L
Roughness average Ry =7 fo 1Z(x)| dx 4.2
(Rq)
Root mean square _ Ly,
roughness (Ry) Rq = \[Z Jy12200)l dx 4.3
Maximum profile Ry =|minZ(x)| for0<x <L 4.4
valley depth (Ry)
Maximum profile peak R, = maxZ(x)| for0<x <L 45
height (R 0x)
Maximum height of the Rr =Ry +Rpyax 4.6
profile (Ry)
1
Average profile valley Rym = . L R, 47
depth (Ry)
1
Averag.e profile peak R, = Zzl{=x R, 4.8
height (R,)
. 1
Average height of the Rppm = ZZ%:x Rri = Rpm + Ry 4.9
profile (Ryy,)
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Ten point average
roughness (Rz)

1
R, = n ?=xPi - Z?=1 Vi 410

Mean spacing (Rg,)

1
Rom =-%tq S 411

Skewness (Rgy)

=

1 [ee]
sk =R—gf_my3p(y)dy 4.12
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1
R =N—R3(Z§V=1 Y?) 4.13

Kurtosis (Ry,,)

1 o
Ry =R—3f_my4p(y)dy 4.14
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Root mean square slope
(qu)
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L
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4.4. Wettability evaluation

4.4.1. Drop shape analyser
For the wettability evaluation a drop shape analyser (DSA) KRUSS GmbH DSA-100 was

used.

2 & osing needle
Camwo?"‘? R

Y.Subém ]
4

Contact Angle

Figure 4.10 a. Drop Shape Analyser KRUSS GmbH DSA-100 used in the study, b. dosing and
deposition of the droplet, c. typical image of the contact angle measurement and the contour of the

droplet

The DSA (Figure 4.10) operates by capturing the image of the deposited droplet and
contouring its shape to determine the contact angle between the probe liquid and the sample
(Figure 4.10). After the image has been captured, the DSA employs the ADVANCE software
to evaluate the grey scale values of the image to detect the baseline (the contact line between

the droplet and the sampling material) as well as the outline of the droplet.

The KRUSS GmbH DSA-100 is capable of measuring contact angles of static sessile drops
to evaluate the wettability with probe liquids and calculate the SFE of the substrate. It can
also be used to obtain the surface tensions of the probe liquids via the pendant drop method.

The DSA-100 used in this study is also equipped with the tilting table that can be automated
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to tilt the sample at the specified rate while the goniometer captures the change in the contact

angle of the deposited droplet. The detailed description of these techniques is given below.

4.4.2. Static contact angle measurements

Static contact angle is one of the essential parameters in surface science. It is considered that
contact angle measurement provides a straightforward and reliable technique for the

interpretation of surface energetics and SFE calculations (Lam et al., 2001).

It should be highlighted that experimentally measured contact angles are macroscopic
properties, and their value is a mean of many microscopic contact angles formed around the
perimeter of the deposited droplet. It is generally considered that the macroscopic contact
angle is the apparent contact angle (Chibowski and Jurak, 2013; Huhtaméki ef al., 2018).
The static contact angle measurements were performed by depositing a 2 microliter droplet
of the selected probe liquid on the test specimen by the automated syringe or the micro-
pipette. The volume of 2 microliters was selected for measurements because it provides the
droplet with the diameter below the capillary length of the probe liquids used and thus the
gravitational effects on the drop may be neglected (Effect of drop volume on static contact
angles - TN310e, 2004). When the droplet was deposited on the sample the goniometer
measured the created contact angle every 1 second three times and the measurement was
repeated for three different droplets on the same sampling material. The Young-Laplace
fitting method was used to obtain the contour of the droplet. The total SFE was then
calculated using the OWRK (Owens, Wendt, Rabel and Kaelble) method. The OWRK is a
standard method for determining the SFE of a solid from the contact angle with several

liquids. The theory behind it is described in chapter 2 (Owens and Wendt, 1969).

4.4.3. Probe liquids

Contact angles can be measured with a range of liquids and an appropriate selection of probe
liquid is required to obtain useful wetting data. Van Oss (2006) has provided the data of the
liquids most frequently used for the contact angle measurements. Table 4-2 provides the
surface tensions and viscosity of some apolar and polar liquids used in the contact angle

measurements.
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Table 4-2 Surface tension of liquids and their viscosities at 20 °C (data from Van Oss, 20006)

Liquid Surface tension (mN/m) Viscosity (poise)
Disperse ‘ Polar ‘ Total n
Non- polar
Decane 23.8 0.0 23.8 0.0092
Tetradecane 26.6 0.0 26.6 0.0218
Pentadecane 27.1 0.0 27.1 0.0290
cis-Decalin 32.3 0.0 323 0.0338
Bromonaphtalene 44 .4 0.0 44 .4 0.0489
Diiodo-methane 50.8 0.0 50.8 0.0280
Polar
Water 21.8 51.0 72.8 0.0100
Glycerol 34.0 30.0 64.0 14.9000
Formamide 39.0 19.0 58.0 0.0375
Ethylene glycol 29.0 19.0 48.0 0.1990

As mentioned in Chapter 2, the obtained contact angle depends on interfacial surface tension
and thus the surface tension of the probe liquid. The section below describes the

methodology of surface tension measurement.

4.4.4. Measurement of surface tension

The surface tension of liquids is most frequently determined by the Wilhelmy plate method.
A rectangular plate (glass or platinum) is suspended on a micro-balance above the beaker
containing the liquid of interest. The beaker with the liquid is raised to the plate and upon
contact an additional force / weight (AW) is exerted on the plate. Where P, is the plate
periphery (Van Oss, 20006).

y,c0s0 = i—w 4.18
d

The method which was used to determine the surface tensions of LST probe liquids used in
this thesis was the pendant drop method which is another reliable approach for measurement.
The pendant drop (PD) method is an optical method for determining the surface tension of a
drop of liquid by using the curvature of the drop profile. An advantage when compared with
the frequently used methods based on force measurement, such as the Du Noiiy ring

measurement or the Wilhelmy plate measurement, is the very small sample volume required
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(approx. 20-60 pL). In the pendant drop method, the liquid is suspended from the tip of a

needle.

The pendant drop method involves the determination of the profile of a suspended drop. The
profile is determined by the balance between gravity and surface forces. The equation of
Bashforth and Adams which is based on Laplace’s equation, relates the drop profile to the
interfacial tension through a nonlinear differential equation which is given below (Arashiro

and Demarquette, 1999):

1 singp z
T z __BZ+2 4.19
Where:
2
B = %94 4.20

14

Ap is the difference between the densities of the two phases in contact, g is the gravitational
constant, y is the interfacial tension, a, is the radius of curvature at the apex of the drop, x,
z, @ are the coordinates defined as in Figure 4.11 and R1 is the radius of curvature at the

point with coordinates (x, z).

SFT:27.34 mN/m
B factor: 0.647
Volume: 11.3 pL

Figure 4.11 Geometry of the pendant drop

The shape of the pendant drop is dependent on a single dimensionless quantity, the Bond
number (B). If the Bond number associated with a pendant drop is determined together with
the drop radius (a) at the apex, the interfacial tension y is then readily determined from the
above equation. When performing the pendant drop measurements, it is important to have a
sufficiently large drop to obtain an adequate deformation of the droplet for the measurement.

In this study the Kruss DSA 100 was used for pendant drop measurements of probe liquids
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to determine their surface tension. A needle with a diameter of 1.8mm was used to dose
droplets of sufficient volume for the measurements and Kruss DSA was used for the surface

tension determination.

To blend the water-ethanol probe liquids with specific surface tensions of 50 and 30 mN/m,
a range of solutions with mole fraction of ethanol ranging from 0.02 to 0.75 were prepared.
The surface tensions of blends were measured using the pendant drop method using Kruss
DSA - 100 (see Figure 4.12) and the defined mole fraction of ethanol was used to prepare
probe liquid blends with surface tensions of 50 mN/m (LST 50) and 30 mN/m (LST 30) (see
Table 4-3).
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Figure 4.12 Surface tensions of water-ethanol probe liquids at various mole fractions of ethanol

For this study four probe liquids were selected with two water-ethanol blends with different
surface tensions. The liquids were chosen based on the criteria that liquids should have a
range of intermolecular forces and surface tension values of polar and non-polar parts. The
liquids used for the measurements were water, diiodo-methane and water-alcohol blends
with surface tensions of 30 mN/m and 50 mN/m and for some samples also the static contact
angles with decane and o-xylene were assessed. These liquids were selected as water is a
highly polar liquid while diiodo-methane does not have any polar component in its surface
tension. Ethanol has one of the lowest surface tensions and is soluble in water, so the surface
tension of the alcohol-water blend could be easily manipulated by changing the ratios of the

blend. The surface tensions of probe liquids used in this study are given in Table 4-3.
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Table 4-3 Probe liquids selected for surface energy analysis

Probe liquid Surface Tension Surface Surface Tension
Disperse (y2) Tension Total (ys)
mN/m Polar (yF) mN/m
mN/m
Water 22.6 50.2 72.8
Diiodo-methane 50.8 0.0 50.8
LST 50 - - 46.6 (£ 6.8)
LST 30 - - 28.0 (x0.7)
Ethanol 18.8 2.6 214
0 - Xylene 30.1 0.0 30.1
Decane 23.8 0.0 23.8

4.4.5. Dynamic contact angle measurement

It is frequently observed that the contact angle at the advancing side of a drop is larger than
the contact angle at the receding side (Figure 4.13). Young’s equation is valid for contact
angles that are measured as advancing contact angles, in other words contact angles that have
stopped to advance further. Advancing contact angles have been considerd to be a measure
of apolar nature of the surface while the receding angle (retreating angle) a measure of its
polar characteristics (Van Oss, 2006). One of the reasons for mainly using advancing contact
angles for thermodynamic derivations/measurments is that receding contact angle reflects
liquid retention by the solid and not a property of the solid on its own. In other words it is
the measure of the contact angle with the surface that has been already wetted/contaminated
with the probe liquid while for the advancing contact angle it is not the case (Lam ef al.,
2001). The difference between these two contact angles is known as contact angle hysteresis
(CAH). The presence of contact angle hysteresis in contact angle measurements complicates
the contact angle interpretation in terms of Young's equation. The contact angle hysteresis
has been studied comprehensively in the past; however, the origins of this phenomena are
not completely understood. There are several interpretations and studies that attribute it to
surface heterogeneity. Gaydos and Neumann (1994) determined that the minimum amount

of surface heterogeneity to produce contact angle hysteresis was about 1 pum. Though, the
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effect of surface roughness on the hysteresis may not only depend on the level of roughness
but also on the type of surface topology (Chibowski and Jurak, 2013) (see chapter 2 for the
discussion of CAH origins). One of the ways to determine contact angle hysteresis and liquid
roll-off angle on the surface is to study droplet behavior on inclined surfaces. There is no
standard procedure for it, but conditions such as drop volume and tilting speed must be taken
into consideration when performing the measurement. Kruss DSA-100 has a function of
tilting table that can be used for dynamic CA measurements. To perform dynamic contact
angle measurement using Kruss DSA-100, the droplet has to be deposited on a level surface
after which the DSA table is tilted at a specific speed ( °/s) up to the tilt angle of 80°. The
tilt angle refers to the critical angle between the tilting substrate and the horizontal surface.
As the substrate is tilted, the images of droplet are captured at a specific rate (every second)
to obtain measurements as a function of tilt. The obtained sequences of images are evaluated
to determine the sliding angle (SA), advancing and receding contact angles and contact angle
hysteresis. One of the main criterion for evaluation is movement of the three-phase contact
point (CP); the receding (CP(R)) and advancing (CP(A)) points between surface, liquid and
gas phase (Figure 4.14).

Figure 4.13 Dynamic contact angle measurement,; advancing and receding contact angles on tilted

surface

Figure 4.14 Dynamic contact angle measurement; movement of the three-phase contact point (CP)

at receding (rear of the droplet) and advancing (front of the droplet)
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The SA is an empirical quantity that depends on measurement parameters, such as the tilting
speed or drop volume. For comparative measurements between different samples, it is
therefore important to determine suitable measuring conditions according to the chosen
criteria. For this study all the dynamic contact angle measurements were taken using the
same volume of the droplet (20 microliters), the tilting speed used was constant (1 °/s) and
measurements were taken every second. For the comparative measurements between
samples the sliding angle was identified as the angle of inclination at which the position of
the moving three-phase point is displaced by 40 pixels for both receding and advancing
points (Figure 4.15). The roll-off angle or the point at which the droplet leaves the camera
view was also captured. In case the droplet is pinned and does not leave the camera view

even at the 80° tilt the sliding angle is determined as a comparison parameter between

samples.
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Figure 4.15 Determination of the Sliding Angle (SA) using the coordinates of the three phase points

in the video image

The purpose of the dynamic contact angle measurements was to determine the contact angle

hysteresis with a range of probe liquids (both polar and apolar) and to study the effect of

62



Chapter 4. Evaluation methodology

liquid properties on CAH on low SFE substrates. As well as to compare the CAH of

fluorinated and un-fluorinated coating systems applied on roughened and planar substrates.

4.5. Scanning electron microscopy

Figure 4.16 Pemtron PS-250

Scanning electron microscopy (SEM) is used for material characterization. SEM uses the
electrons that are reflected off the sample to generate an image. The electrons are emitted
from the source and are attracted to the positively charged anode. The path of the electrons
is controlled by electromagnetic lenses; the condenser lens defines the size of the electron
beam, and the objective lens focuses it on the sample. SEM  uses
the backscattered (BSE) and the secondary electrons (SE). The BSE is the primary electron
beam that gets reflected from the sample and SE are created by the inelastic interactions of
the beam with the sample. The SE provide information on the surface. The detectors identify
the electrons, and the image is generated. The SEM measurements were performed on the
surface to obtain the morphology of the deposited coating and to identify whether specific
coating alters the substrate’s surface topography. For scanning electron microscopy (SEM)
measurements, the test specimens were prepared by applying a thin layer of gold sputter
coating to prevent charging during the experiment. The thin layer of gold sputter with the
estimated thickness of a few nanometres was applied via the Polaron equipment limited SEM

coating unit E5100. The SEM used in this study was Pemtron PS-250.
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4.6. Dynamic Light Scattering

Figure 4.17 Dynamic Light Scattering (DLS)

One of the ways to obtain a super repellent surface with nano-scale topography is to follow
the bottom-up fabrication approach. Bottom-up approach used in this thesis employed silica
nanoparticles to build up the desired surface roughness at a nano-scale. Silica nanoparticles
were synthesised using Stober method described in detail in Chapter 7. In order to
characterise and identify the size/diameter of the fabricated nanoparticles Dynamic Light
Scattering (DLS) was used. Dynamic Light Scattering (DLS), also referred to as Photon
Correlation Spectroscopy or Quasi-Elastic Light Scattering, is a technique used to measure
the particle sizes in the sub-micron region. Dynamic Light Scattering measures Brownian
motion and relates it to the particle size. The motion of the particles in the solution is random
due to the solvent molecules that surround them, and this random motion is referred to as
Brownian motion. The larger particles have slower Brownian motion but the smaller ones
faster. The Brownian motion velocity is defined by the translational diffusion coefficient
(given by the symbol D). The particle size can be calculated from the translational diffusion

coefficient using the Stokes-Einstein equation:

kT
3nnD

4.21

d(H) =
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Where d(H) is hydrodynamic diameter, D is the translational diffusion coefficient, kg is the
Boltzmann’s constant, T the absolute temperature, and 1 viscosity. The diameter measured
by the DLS is the hydrodynamic diameter as it measures how a particle diffuses in a fluid.
Thus, the particle diameter obtained is the diameter of a sphere with equal translational
diffusion coefficient. Apart from the particle size the translational diffusion coefficient
depends on the particle’s surface structure, the concentration and nature of ions in the
medium. A dynamic light scattering system uses a laser as a light source to illuminate a
cuvette containing the sample. The laser beam passes through the sample but some light is
scattered by the particles at different angles. A detector measures this scattered light, but its
intensity needs to be within a defined range for the detector to effectively identify it. The
DLS uses an attenuator to tune the intensity of the laser source to help with the detection of
the scattered light. The light scattering intensity is distributed from the detector to a
correlator (a processing board). The correlator matches the scattering intensity at consecutive
time intervals to define the variation of the intensity rate. The information from the correlator
is passed to a Nano software which analyses the data and derives the particle size
information. One of the features of the Zetasizer Nano S is a Non-Invasive Backscatter
Detection (NIBS). The Zetasizer Nano S detects the scattering information at 173 degrees,
and this is acknowledged as backscatter detection. There is no contact between the sample
and the detection optics thus it is said to be non-invasive, and this technique has the
advantage as the laser does not have to travel through the whole sample and thus the multiple
scattering effect is reduced where the light from one particle is scattered by the other
particles. Contaminants in the dispersant are usually of the larger size than the sample and
the larger particles scatter in the forward direction. Hence, backscattering reduces the effect

of contaminants such as dust (DLS technical note MRK656-01, 2018).

ISO 22412:2017 (2017) standard describes the application of DLS to measure the mean
hydrodynamic particle size and the size distribution (PdI) of sub micrometre particles
dispersed in liquids. A typical DLS results report is presented in Figure 4.18. The Z-Average
relates to the hydrodynamic diameter of the dispersed particles and the PdI specifies the size
distribution of produced nano particles. A Pdl value lower than 0.2 indicates that the

suspension is monodisperse (Stetefeld, McKenna and Patel, 2016).
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Size (d.nm): % Intensity: St Dev (d.n...
Z-Average (d.nm): 44.18 Peak 1: 49.96 100.0 17.64
Pdl: 0.111 Peak 2: 0.000 0.0 0.000
Intercept: 0.952 Peak 3: 0.000 0.0 0.000

Result quality : Good

Size Distribution by Intensity
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Figure 4.18 DLS results

The size (Z - average) and poly-dispersity index (PdI) of produced silica nanoparticles at
every stage of fabrication and functionalisation were measured using the DLS technique. At
least three measurement repeats were undertaken for each sample and the mean of Z-average

was calculated.

4.7. Mechanical abrasion

As described in chapter 2 and 3, the hydrophobic and omniphobic coatings deposited on a
variety of substrates can find applications such as in non-wetting, anti-contamination, stain
resistance and easy clean surfaces. These properties can increase the surface value but in
order to be useful it is important for them to maintain those characteristics and remain
effective after exposure to abrasion or surface cleaning routine. Coatings with incorporated
nanoparticles that promote repellence (described in chapter 7) were evaluated via
comparison of the contact angle with water and diiodo-methane and the depreciation of those
contact angles due to exposure to mechanical abrasion. The mechanical abrasion method for
those thin coatings was selected to be a 50 cycle abrasion with steel wire wool. The steel
wire-wool was used as an abradant to which the load of 0.45 kg was applied. The samples
were subjected to 50 abrasive cycles by the abradant under the load. The wettability of the

samples was assessed before and after the abrasive test.
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4.7.1. Coating Visual Appearance

..........

NGVO-6L6SS T @

Figure 4.19 Novo-gloss 1Q Goniometer

The application of aesthetically pleasing functional repellent coatings is increasing. Thus, it
is important for the coatings to maintain their visual appearance after exposure to mechanical
abrasion. The gloss and haze of coatings with incorporated silica nanoparticles that promote
repellence were measured before and after mechanical abrasion described in section 4.8 to
identify if the coatings can maintain their visual property. Gloss and haze of coatings were
measured using a Novo-Gloss 1Q Goniometer from Rhopoint Instruments, according to
ASTM D523 —14 (for the gloss) and ASTM E430-19 (for the haze) (‘ASTM D523-14,
Standard Test Method for Specular Gloss’, 2018; ‘ASTM E430-19, Standard Test Methods
for Measurement of Gloss of High-Gloss Surfaces by Abridged Goniophotometry’, 2019).
Value of gloss is obtained by irradiating a specific amount of light at a surface and
quantifying the reflection. Three different angles of incidence may be used to measure the
gloss of coatings. The incidence angle is selected depending on the type and roughness of
the surface. Table 4-4 provides the commonly used principal of gloss measurement geometry

selection.
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Table 4-4 Incidence angles for gloss measurements

Gloss Range Measure With:
with 60° Gloss
Meter
10-70 GU 60°
>70 GU 20°
<10 GU 85°

Chapter 4. Evaluation methodology

For the coatings prepared in this project the incidence angle used to measure haze and gloss

was 20°.

4.8. Summary

The chapter provided a detailed description of the evaluation methodologies and

characterisation techniques used in this

project.

The assessment/characterisation

methodology focused on the surface topography, surface chemistry and more importantly

wettability to various probe liquids.
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CHAPTER 5. WETTABILITY EVALUATION OF PLANAR
SURFACES

5.1. Introduction — wettability of surfaces

The majority of metallic and inorganic substrates are oleo or hydrophilic and yet there is no
complete understanding of liquid-surface interaction. Liquid adsorption to the surface may
be uniform or in isolated areas and it can be driven by different physical and chemical
processes. The nature and extent of liquid-substrate interaction can be controlled by

application of adhesive or abhesive treatment to the substrate.

In terms of surface interaction with water, surfaces become increasingly hydrophilic in the

following order:
non-polar < polar, no hydrogen bonding < polar, hydrogen-bonding < hydroxylic < ionic

High contact angles with water are indicative of hydrophobicity however another important
factor to consider is whether the adsorbed water (or liquid) is free or bound to the surface.
Free water (or liquid) can be easily desorbed. If water remains bound to the surface and
cannot be removed without heating the surface is considered hygroscopic (Arkles, Pan and

Mi Kim, 2009).

Surface hydroxyl groups are present on the surface of metal oxide materials and various
glasses. The hydroxyl or silanol groups can be of different types, the schematic of
interacting, isolated, geminal silanols as well as the siloxane is presented in Figure 5.1. The
neighbouring silanols are interacting and are capable of forming an H-bond if the distance
between them is less than 3.3 A (Dong, Pappu and Xu, 1998). The surface OH groups
influence chemical properties as they act as adsorption sites and are capable of hydrogen
bonding. To make surface more hydrophobic, the hydrogen bonding sites must be reduced,

and the polar surface must be shielded by creating a non-polar interface.
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Figure 5.1 Surface functional groups on glass

Hydroxyl groups (Figure 5.1) can be transformed into oxane bond via the reaction with an
organosilane. Silanes with aliphatic and fluorinated substituents are capable of making the
surface more hydrophobic. Silanes also provide anchor points for the non-polar organic
substituent that can shield the polar substrate from interaction with water. The factors that
have to be taken into account are that not all hydroxyl groups may react leaving sites for
possible hydrogen bonding or not all polar surface might be shielded by the organic
substituents (Arkles, Pan and Mi Kim, 2009).

Therefore, factors that affect silane’s ability to render surface hydrophobic are as follows

(Arkles, Pan and Mi Kim, 2009):

e Silane’s organic substituent
e Extent of surface coverage
e Residual unreacted groups

e Orientation of silane

The following chapter reviews various surface treatments and how they affect solid-liquid
interaction by measuring the static and dynamic contact angle with a variety of polar and

non-polar probe liquids.
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5.2. Surface topography of substrates

The substrates studied in this chapter were planar with minimal surface roughness in order
to minimise effect of surface topography on repellence and mainly concentrate on the effect
of surface chemistry achieved by treatments. The substrates used were glass and stainless
steel 304 with 2B and mirror finish. Surface roughness of selected substrates was measured

using White Light Interferometry, Alicona and surface profilometer Surfcom.

5.2.1. White light Interferometry
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Figure 5.2 WLI images of glass (top) and stainless steel 2B finish (bottom).

Figure 5.2 presents the white light interferometry images of glass and stainless steel with 2B

finish and in Table 5-1 are presented the roughness parameters measured via WLI.

Table 5-1 Roughness parameter values from WLI measurements

Parameter Glass Stainless steel 304 with 2B finish
Ra (nm) 7.07 (£0.29) 159.57 (£8.85)
Rp (nm) 76.07 (£41.09) 1431.87 (£120.79)
Rq (nm) 8.9 (+0.44) 238.97 (£8.62)
Rt (nm) 163.9 (£67.01) 3572.33 (£181.3)
Rv (nm) -87.83 (+26.22) -2140.5 (£123.31)
Surface area index 1.00 (£0.00) 1.13 (£0.01)
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According to WLI measurements both substrates exhibit minimal surface roughness in the
range of nanometers; for glass average roughness is 7 nm and for stainless steel 2B it is 160
nm. For comparison to planar substrates, the surface area index was obtained for both
surfaces. Surface index is lateral area divided by surface area (similar to Wenzel roughness
ratio parameter). Planar surfaces with no topographic characteristics have a surface index of
one. For glass according to WLI measurements it is 1, meaning that surface is planar with
no surface roughness. For stainless steel 2B finish it is 1.138, which means that some degree

of roughness is present.

5.2.2. Alicona
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Figure 5.3 Alicona images of stainless steel 304 with mirror finish (top) and with 2B finish bottom

Figure 5.3 presents the Alicona images of stainless steel with mirror and 2B finish and Table

5-2 presents the roughness parameters.
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Table 5-2 Roughness parameter values from Alicona measurements

Parameter Mirror finish 2B finish
Ra (um) 0.14+0.01 0.14+0.01
Rq (um) 0.18 +£0.01 0.18 £0.00
Rt (um) 1.92 £0.00 1.36 £ 0.00
Rz (um) 1.24 +£0.00 1.10 £ 0.00

Rmax (um) 1.74 £ 0.00 1.34 +0.00
Rp (um) 1.30+0.00 0.54+0.10
Rv (um) 0.61 £0.01 0.31+0.43
Re (um) 0.71+0.10 0.60 +0.03

Rsm (um) 0.13+£0.03 0.11+0.05

Rsk 0.75+£0.00 -0.53 £ 0.00
Rku 6.85+0.00 4.05 +0.00
Rdq 0.03 £0.00 0.03 £0.00
Rt/Rz 1.55+0.00 1.24 +£0.00
Le¢ (um) 800.00 800.00

According to Alicona measurements both substrates exhibit minimal surface roughness with

roughness average being 140 nm.

5.2.3. Surface profilometry

Roughness of glass and stainless steel 304 with 2B and mirror/polished finish were also

measured with Surfcom surface profilometer. The roughness data obtained is presented in

Table 5-3.

Table 5-3 Roughness parameter values from Surfcom measurements

Substrate Glass SS mirror SS 2B

Ra (um) 0.02 (+0.00) 0.04 (+0.00) 0.16 (£0.01)
Rq (um) 0.03 (+0.00) 0.05 (+0.00) 0.21 (+0.00)
Rsk 0.07 (£0.14) -0.28 (+£0.22) -1.67(+0.50)
Rku 3.17 (£0.74) 3.22 (£0.31) 11.64 (£1.09)
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5.2.4. Comparison of roughness data

The roughness data for the substrates studied in this chapter was measured using White Light
Interferometry, Alicona and surface profilometer Surfcom. The WLI was used to measure
the roughness data on stainless steel with 2B finish and glass. The reason for not measuring
stainless steel with mirror finish is that it has a highly reflective surface and interferometric
technique was not suitable for it. Alicona was used to collect data on stainless steel with 2B
and mirror finish but not on glass as Alicona is not suitable for measuring transparent
surfaces that are extremely smooth. Surfcom surface profilometer was used on all three
substrates. As it is a contact stylus type apparatus the reflectance and transparency does not

influence its measurement capabilities.

The data collected via three different techniques indicate that the substrate roughness
increases from glass, stainless steel mirror finish to stainless steel with 2B finish. Glass
according to both WLI and Surfcom measurements has the lowest roughness average which
is in nanometre scale (7 -20 nm). All three measurement techniques indicate that stainless
steel with 2B finish displays the highest roughness with roughness average being in the range
of 140-160 nm. The WLI was used to obtain the surface area index of substrates. Surface
area index is similar to the Wenzel roughness term, it is the ratio of the actual surface area
to the projected one, ideally a smooth and planar surface would give a surface area index of
1. Table 5-1 presents the values generated by WLI software for glass and stainless steel with
2B finish. According to WLI measurements, glass has the ideal smooth surface with a index
of 1 while stainless steel has the value of 1.13 which suggests that it has some degree of
surface heterogeneity even though its roughness average value is in the nanometre scale. As
mentioned in Chapter 2, roughness plays an important part in substrate’s wettability. It can
either enhance or reduce it. However, the degree of roughness that influences wettability has
to be taken into account. As presented in Chapter 2, Figure 2.10, as the Wenzel’s roughness
parameter increases the wettability characteristic changes and according to the plot, an index
of even 1.2 does not significantly affect the repellence/wettability. This suggests that the
roughness of substrates in this study should not have a significant impact on their wettability.
The main parameter that will affect it will be surface chemistry and this chapter will study

its impact.
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5.3. Glass and stainless steel 304 — surface dehydration, dihydroxylation,
and rehydroxylation

Since the hydroxyl groups on surface are the reactive sites that are able to interact with
silanes and water it is essential to understand how different surface treatments might affect
it. In order to understand the surface properties of glass and stainless steel 304 substrates,
they were subjected to dehydration at 150°C for 18 hours in the oven, humidity treatment at
85% relative humidity at 85°C for 18 hours and humidity treatment followed by 15 minutes
drying in the oven at 150°C. Prior to thermal and humidity treatments the substrates were
cleaned via IPA wipe. Following surface treatments, contact angles with water and diiodo-

methane probe liquids were measured immediately. Figure 5.4 presents the contact angles

obtained.
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Figure 5.4 Water and diiodo-methane contact angles after surface treatments

The glass surface after IPA wipe was extremely hydrophilic with a water contact angle of
just 24°. After surface dehydration at 150°C, the surface becomes slightly less hydrophilic
with CA increasing to 55° suggesting that the physiosorbed water on the surface had been
removed with possibility of reduction of OH groups on the surface. On the other hand,
humidity treatments make the glass surface even more hydrophilic with a decrease in WCA
to 21° after air drying and to 11°C after oven drying at 150°C. Comparing the stainless steel
substrate to glass, the IPA wiped stainless steel exhibited a much higher water contact angle
of 87° for the 2B finish and 80° for the mirror finish sample. Considering that both stainless
steels are of the same grade, 304, they should have similar chemical compositions and thus
surface chemistry. The difference in the contact angle could be explained by the surface

roughness which is depended on surface finish as described in Chapter 2 (Figure 2.10). After
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heat treatment both the stainless steel substrates exhibited a drop in water contact angle to
45° (2B) and 26° (mirror), which could be explained by the decomposition of trace surface
contaminants and rehydroxilation of the surface (Williams et al., 2017). Whilst the humidity
treatment decreased the WCA for the mirror finish surface, the 2B grade surface showed an
increase in the WCA to 97°. Glass and stainless steel have different compositions and surface
chemistries which have an influence on their surface hydroxy group coverage and
dehydration mechanisms. Chromium-rich steels commonly terminate in a layer of hydroxide
while in the absence of chromium frequently show the oxy-hydroxides (Castle, 2008). The
metal surface is the base for the surface layers and, to some degree it guides the structure of
those layers by the phenomenon of epitaxy. The segregation of non-metallic and metallic
elements to free metal is of great importance in understanding metallurgical phenomena.
Although their effect on the formation of an oxide layer may be minimal, sulphur is believed
by some to influence the adhesion of oxides to metal surfaces (Castle, 2008). During
interaction with water, chromium steels lose the iron constituent in their oxide by selective
solution of Fe*" ions. In the presence of water vapour, the oxide converts to hydroxides. On
heating, solid state reactions between the oxidised material and the underlying metal occur
at a temperature of 200°C. This leads to the more enriched surface in stable oxide (Castle,
2008). Takahashi et al. (2012) studied the hydrophilic states of stainless steels after heat
treatments. In the study it was found that the hydrophilisation after heat treatments
proceeded according to two mechanisms. One is the decomposition of surface contaminants.
The other is the removal of surface hydroxyl groups followed by chemisorption of water on
dehydroxylated sites. As a result of the fewer surface contaminants and the surface
rehydration, the total number of surface hydroxyl groups on stainless steel became larger

than that on the original surface (Takahashi and Fukuzaki, 2012).

In terms of diiodo-methane contact angles, the opposite effect was observed. DCA was the
highest after IPA wipe and was reduced by heat and humidity treatments. As diiodo-methane
is a non-polar liquid with liquid surface tension solely provided by Van der Waals
(dispersion) forces, increasing the density of surface hydroxyl groups is expected to enhance
DCA as the polar nature of the surface increases. Williams et al. (2017) studied the
modification of stainless steel 316 by cold atmospheric plasma. To understand the changes
in the SFE, XPS was used to analyse the surface for chemical changes induced by exposure
to the plasma. The reduction in the carbon contamination at the surface was demonstrated.
The increase in the polar component corresponded with an increase in oxygen on the surface.

Similarly, an increase in the polar component of the SFE of 304 stainless steel was observed
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after heat treatment Figure 5.5. Williams et al (2017) also observed that there may be a limit
to the removal of carbon contaminant as the polar carbon is more strongly attached to
the oxide surface. Therefore, the non-polar carbon is removed revealing a layer of oxygen
containing polar carbon (Takahashi and Fukuzaki, 2012). Carbon contaminants on the

surface could explain the change in the contact angle with diiodo-methane.
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Figure 5.5 Surface free energy after treatments for glass (a), stainless steel mirror finished (b) and
Stainless steel 2B finished

The surface free energies of the substrates after thermal and humidity treatments were
calculated using the OWRK method based on water and diiodo-methane contact angles
presented in Table 5-4. This approach allowed the separation of the polar and disperse

components of each of the surfaces investigated.
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For the glass substrates, the polar component of the SFE was significantly affected by the
heat or humidity while the disperse component remained relatively constant. The biggest
change in the polar component was after the thermal treatment at 150°C for 18 hours, which
resulted in a significant decrease in the polar component. This can be explained by surface
dehydration and as a consequence a decrease in the density of surface hydroxyl sites. There
was little difference in the SFE of the samples subjected to different humidity treatments.
Whilst there are minor differences in the measured WCA and DCA, the net effect is that
these surfaces are broadly equivalent. This could mean that the surface had already adsorbed
water at standard atmospheric conditions and further increase in humidity did not have an

impact.

The stainless steel substrates have lower SFE polar component values compared to glass,
but the disperse component exhibits greater variations after the various treatments. Contrary
to the behaviour observed on the glass samples, the heat treatment increased the polar SFE
component for both stainless steel materials, the disperse component also increased for both
steel surfaces. The exposure to a humid environment however had the impact of a slightly
increasing the polar term on the mirror finished surface compared to the IPA wiped surface.
Under the same conditions the 2B grade surface exhibited a reduction in the polar term with
the humidity treatment with no subsequent heating demonstrating a negligible contribution

of the polar term to the observed SFE.

In summary, the SFE of the glass has a stable and constant disperse term. Heating and
exposure to a humid environment had a negligible impact on this term, whilst the polar term
showed considerable variation. Heating the glass appears to reduce the polar contribution
whilst exposing it to humidity increases this term. A dehydration, rehydration mechanism
would account for this behaviour. The steel surfaces show a far more complex behaviour.
The disperse term is changed by heating at 150°C, the polar term also changes significantly
by this treatment. The surface finish appears to have a notable effect on the polar term on
exposure to damp heat. The behaviour of the steel therefore cannot be explained by a simple

hydration model.
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WCA DCA SFE Disperse Polar
Substrate Treatment ] ] [mN/m] [mN/m| [mN/m|
IPA wipe 24.2 (£2.5) 69.2 (£0.6) | 50.8 (£1.2) | 33.8 (£2.5) 35.4 (£2)
150 °C for 18 hr 54.4 (£0.8) 53.9 (£3.9) 51.1 (£1.9) 32.1(£0.2) 19.0 (£1.9)
Glass 85% RH at 85 °C for 18 hrs 21.3 (£5.4) 56.9 (£3.1) | 692 (+2.0) | 30.4 (£0.4) 38.8 (£1.5)
85% RH at 85 °C for 18 hrs and 150
°C for 15 min 11.7 (20.8) 493 (£2.8) | 73.1(£3.4) | 32.9 (+2.0) 40.2 (£1.5)
IPA wipe 86.8 (£1.3) 504 (£1.6) | 37.5(£1.2) | 34.0 (£0.9) 3.6 (£0.3)
Stainless steel (304) 150 °C for 18 hr 45.1 (£6.6) 32.8(£2.0) | 62.4(£1.6) | 43.0(£0.2) 19.4 (£1.5)
>B finish 85% RH at 85 °C for 18 hrs 97.0 (£3.1) 48.9 (£4.5) | 352(£1.1) | 349 (x1.1) 0.4 (+0.0)
85% RH at 85 °C for 18 hrs and 150
°C for 15 min 85.0 (+4.4) 44.9 (£3.8) 39.6 (£0.9) 37.0 (£0.3) 2.6 (£0.7)
IPA wipe 80.1 (+2.6) 573(£2.3) | 358 (%2.5) | 30.1 (£1.3) 5.7 (£1.2)
Stainless steel (304) 150 °C for 18 hr 26.1 (£4.3) 388 (£1.1) | 707 (#2.1) | 40.2 (£0.6) 30.5 (£1.7)
mirror finish 85% RH at 85 °C for 18 hrs 67.5 (£1.2) 54.4(£45) | 43.1(£1.1) | 31.8(£0.4) 11.3 (£0.8)
0 o
85% RH at 85 °C for 18 hrs and 150 64.7 (£5.3) 457 (£49) | 477(3.0) | 366@18) | 11.0(£1.2)

°C for 15 min
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5.3.1. Temperature effect on surface dehydration
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Figure 5.6 Probe liquid contact angles and surface free energy of glass after thermal treatments

To further study the effect of thermal treatment on the dehydration of glass slides, the
substrates were subjected to 65°C, 150°C and 200°C for 18 hours after which they were left
under atmospheric conditions for 7 days to study the level of surface rehydration. The results

of obtained contact angles and calculated surface free energies are presented in Figure 5.6

and Table 5-5.

The increase in temperature has a significant impact on the contact angles, the increased
thermal treatment temperature causes both water and diiodo-methane contact angles to
decrease. As presented earlier in Table 5-4, the water contact angle on glass after the IPA
wipe and no thermal treatment is 24°. This means that the thermal treatment increases the
hydrophobicity of the surface compared to samples that were not exposed to elevated
temperature. However, as the temperature of thermal treatment is increased the contact angle
decreases with it (Figure 5.6). Zhuravlev (1993) performed a survey on the properties of
amorphous silica. He studied the temperature boundary of surface dehydration and
dehydroxylation as well as the concentration of hydroxyl groups on the silica surface.
Zhuravlev suggested that there may be two types of physically adsorbed water on the silica
surface; one with activation energies of desorption in the range of 6—8 kcal/mol and another
one in the range of 8-10 kcal/mol (Zhuravlev, 1993). Removal of physisorbed water or
surface dehydration, occurs at low temperatures. The temperature related to the completion
of dehydration and the beginning of dehydroxylation by condensation of surface OH groups
is estimated to be 190°C. Most of the physisorbed water is removed at about 150°C and at
200°C silica surface is made of single, geminal, vicinal, and terminal silanol groups and

siloxane bridges (Roberts, W.O., & Bergna, 2005). Because of the shift in the electronic
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density in going from O atom to Si atom, the formation of a hydrogen bond between the
oxygen on the surface of the sample and water molecules is not favoured. Sufficient surface
concentration of hydroxyl groups makes the surface hydrophilic while the predominance of

siloxane bridges on the silica surface makes the surface hydrophobic.

The data presented in Figure 5.6 and Table 5-4 suggests that the surface dehydration
occurred causing WCA to increase from 24° to 63°. According to Zhuravlev (1993), it would
be expected for the surface to dehydroxylate at the elevated temperatures forming
hydrophobic siloxane bridges. However, the surface became more hydrophilic. The reason
behind the decreased water repellence might be that after the surface has undergone
dehydration, it mainly consists of vicinal or geminal hydroxyl groups. As shown in Figure
5.1, vicinal groups can be either interacting or isolated. Interacting vicinal groups have less
affinity to interact with water deposited on the surface compared to isolated hydroxyl groups.
As the surface is subjected to higher temperatures, it starts to undergo dehydroxylation — it
loses hydroxyl groups. Causing the surface hydroxyl density to decrease and therefore the
distance between the hydroxyl groups increases, shifting interacting vicinal groups to
become isolated. This shift might explain the increased hydrophilicity of the studied glass
surface. In terms of the surface rehydration after 7 days at atmospheric conditions, the
decrease in contact angle for treatments at 65°C and 150°C was observed. However, for
200°C treatment there is no significant change even after 7 days. This supports the assertion
that under these conditions the surface becomes dehydrated as well as dehydroxylated and

so complete rehydroxylation cannot be achieved at atmospheric conditions.
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WCA [°] DCA [°] Surface free energy [mN/m] | Disperse [mN/m] | Polar [mN/m]
IPA wipe and 65°C for 18 hr 62.9 (£0.8) 66.8 (+£0.8) 42.1 (+0.3) 24.7 (£0.5) 17.4 (£0.8)
IPA wipe and 65°C for 18 hr after 7 days 55.4 (£4.5) 60.0 (£3.5) 48.8 (£3.9) 28.6 (£2.0) 20.2 (+1.8)
IPA wipe and 150°C for 18 hr 48.5 (+0.6) 52.2 (£0.4) 55.3 (£0.3) 33.0 (+0.2) 22.3 (+0.4)
IPA wipe and 150°C for 18 hr after 7 days 39.4 (+0.6) 50.9 (+£0.8) 61.2 (£0.5) 33.8 (+0.4) 27.5 (+0.1)
IPA wipe and 200°C for 18 hr 32.8 (+1.6) 44.9 (£5.5) 66.2 (£2.0) 37.0 (£2.9) 29.2 (£1.1)
IPA wipe and 200°C for 18 hr after 7 days 34.5 (£0.5) 51.3 (£2.4) 63.9 (£0.8) 33.5(%1.4) 30.4 (+0.6)
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5.4. Commercial repellent coating selection

Coatings are used for a variety of purposes, for example they are used to provide surface
protection from external factors (chemical, mechanical), to give surface a specific property
(such as wettability, repellence, etc.) or for aesthetics. There is a wide range of available

coatings on the market to make surfaces of glass or metal products more repellent.

Various low SFE chemicals can be used to treat the materials and reduce their SFE. Silanes,
fluoropolymers and silicones are amongst the most employed materials for the enhancement
of the repellence on the surfaces. Silanes with the hydrolysable groups react with water to
form silanols, which react with hydroxyl groups at the surface of substrates to provide a
protective coating where the silane’s alkyl group reduces the SFE of the substrate. Silanes
can be applied via chemical vapour deposition (CVD) or solvent deposition in solvents such
as alcohols (Li et al. 2016). The deposition of silanes might form self-assembled monolayers
(SAMs) dependent on the deposition conditions (Flink et al. 2001). The properties of the
SAMs are dependent on the reaction conditions such as water content, solvent, and
temperature. The hydrolysis and subsequent condensation of a silane layer is dependent on
the silane concentration in the solution and can take from minutes up to hours. The formation
of oligomers and polymers may affect the achieved coverage of the coating. The
oligomerization and polymerization can be avoided by controlling the water content in the
coating solution. The thickness of the silane layer on the substrate is typically less than 1um,
thus it does not affect the topography of the substrate. The conversion of the hydrolysed
silanes into covalent siloxane network requires aging or baking of the sample at around 100

°C for several hours (Li et al. 2016).
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Coating system Dynasynal Sivo Avalon Glass Gelest Aquaphobe CF Sivo Clear k1 Sivo Clear K2 Sharc Sapphire
EC
Binder base: Silane Mixture of silanes | Chlorinated fluoroalkylsilane Catalyst Aqueous | organic
fluoroalkylmethylsiloxane polysiloxane
CAS: 908858-79-7 CAS: 346577-55-7
95-100% 10-30%
aminosilane
CAS: 919-30-2
1-5%
Solvent base: Propanol Propanol none Ethanol Propanol hydrocarbon
CAS: 67-63-0 CAS: 67-63-0 CAS: 64-17-5 CAS: 67-63-0 solvent
93% 50-90% 96% >20% CAS: 64742-48-9
20-50%
Dodecane

CAS: 112-40-3 5%

butyl acetate
CAS: 123-86-4
20-50%

Data Source:

(‘Dynasylan ®
SIVO CLEAR EC
Safety Data Sheet’,
2016)

(‘AVALON ®
Glass Safety Data
Sheet”)

(‘AQUAPHOBE ® CF
Safety Data Sheet’, 2018)

(‘Dynasylan®
SIVO CLEAR Kl
Safety Data Sheet’,
2018)

(‘Dynasylan®
SIVO CLEAR K2
Safety Data Sheet’,
2016)

(‘Sharc ® Sapphire
Safety Data Sheet’,
2019)
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Coating Gelest Aquaphobe CM Solarsharc Tutoprom Gelest siliclad Aculon ON-305 Aculon ON-353
system bright
Binder base: | 1,5-Dichloro-1,1,3,3,5,5- Organic Organic Octadecylsilane Proprietary Polymer | Proprietary
hexamethyltrisiloxane Polysilazane polysilazane derivative 5% ingredient
CAS: 3582-71-6 <5%
30-60% Functionalised Methyl
silica Nonafluoroisobutyl
1,3-Dichlorotetramethyldisiloxane nanoparticles Ether
CAS: 2401-73-2 CAS: 163702-08-7
20-50% 45%
1,7-Dichlorooctamethyltetrasiloxane
CAS: 2474-02-4
20-50%
Solvent base: | no n-butyl acetate | n-butyl acetate tertiary  alcohols | Isooctane Aculon
and diacetone | CAS: 540-84-1 Fluorosolvent 1
alcohol 45% 20-80 %
Aculon
Isopropanol Fluorosolvent 2
CAS: 67-63-0 20-80 %
5% Proprietary
ingredient < 5%
Data Source: | (‘(AQUAPHOBE ® CM Safety Data (‘tutoProm® (‘Siliclad® Safety | (‘Aculon ~ ON-305 | (‘Aculon ON-
Sheet’, 2018) bright Material | Data Sheet”) Materials Safety | 353  Materials
Safety Data Data Sheet’) Safety Data
Sheet’) Sheet’)
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Coating system Dynasynal Sivo EC Avalon glass Gelest Aquaphobe CF Sivo clear k1 Sivo Clear K2 Share Sapphire

Appearance: Colourless liquid | Amber Liquid Liquid colourless Liquid colourless

liquid liquid

Density: 0.79 g/cm3 1.4-1.43 specific gravity 0.8 g/cm3 0.89 g/cm3

Condition of Clean, dry

substrate:

Application: ready to be used. | applied as 2-10 % solution | Mix K1 and K2 components 1:1 by volume. | Ready to use. Wipe
Wipe coat and | in dry solvents such as | Shake for 3 minutes and apply within one day. | coat and polish.
polish. hexane, methylene Wipe on the surface and polish.

chloride or toluene.

Substrate IPA wipe

pre-treatment:

Drying /Curing: Room Heat curing at 110°C for Room temperature for
temperature 1| 1520 minutes in an 1 hour
hour exhausted oven.

Coating Thickness: molecular

Viscosity: 2.5 mPa.s 6-10 cSt. 2 mPa.s 3.7 mPa.s

SFE of glass after 16-19 dynes/cm

treatment:

Data Source:

(‘Dynasylan ® SIVO
CLEAR EC Product
Information’)

(‘AVALON ®
Glass Technical
Data Sheet’)

(‘AQUAPHOBE ® CF
Technical Data Sheet”)

(‘Dynasylan ® SIVO CLEAR K2 Dynasylan

Product Information’, 2011)

(‘Sharc Sapphire
Product Information’,
2011)
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Coating system Gelest Aquaphobe CM Solarsharc Tutoprom bright Gelest siliclad Aculon ON- Aculon ON- 353
305
Appearance: Amber Liquid colourless to pale | colourless to pale | Amber liquid Liquid Liquid
yellow liquid yellow liquid

Density or specific | 0.99-1.01 specific | 0.9 g cm3 ca. 0.86 g/cm3 0.88 specific 1.52 specific gravity

gravity: gravity gravity

Condition of Clean, dry

substrate:

Application: applied as 2-10 % | Wipe coat under dry
solution in dry solvents | humid conditions
such as hexane,
methylene chloride or
toluene.

Substrate pre- IPA wipe

treatment:

Drying / Curing: Heat curing at 110 °C | 130 °C — 180 °C: for | 130 °C — 180 °C: for
for 15-20 minutes in an | one hour. | one hour
exhausted oven. Alternatively

ambient conditions
for seven days

Coating Thickness: | molecular 2 ym molecular

Viscosity: 3-6 cSt. 8-20 cSt.

SFE of glass after | 25 dynes/cm 31 dynes/cm

treatment:

Data source: (‘AQUAPHOBE ® CM (‘tutoProm®  bright | (‘Siliclad® (‘Aculon  ON- | (‘Aculon ON-353
Technical Data Sheet’, Technical Data | Technical Data | 305 Materials | Materials Safety
no date) Sheet”) Sheet’, no date) Safety Data | Data Sheet’)

Sheet’)
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5.4.1. Commercial coating deposition method

The eleven coatings were deposited following recommendations in technical data sheets. In
all cases the recommended deposition method was to pre-treat substrate with a cleaner that
does not leave a residue. For this purpose, isopropanol alcohol was used. The coatings were
wiped onto the surface, spread evenly and polished to remove excess wet film material.
Several coating deposition methods were tried such as dip-coating and wipe coating. It was
observed that dip-coating does not provide uniformly deposited coating and coating develops

cracks. Wipe-coating application avoided this problem.

Gelest coatings Aquaphobe CM and CF were diluted with xylene according to the

instructions and for the Siliclad water was used as the diluent.

Curing of the coatings was performed according to the supplier recommendations mentioned

in Table 5-7.

5.5.Substrate topography after coating deposition

To confirm that the surface topography does not change after coating deposition and does
not have an effect on wettability, the glass slides were measured and compared to the
uncoated samples. Figure 5.7 shows WLI images of fluorinated and non-fluorinated silanes,
siloxanes and silazanes deposited on the glass substrate. Figure 5.7 (a) shows Tutoprom,
Figure 5.7 (b) shows Tutoprom deposited via dip-coating on glass and shows half of the
glass covered by Tutoprom while the other half is untreated glass substrate. From the WLI
image, the coating thickness after dip-coating was estimated to be around 0.7 uym. The wipe
coated samples are so thin that they cannot be captured or measured by the Surfcom
profilometer. The other WLI images are of Aquaphobe CM, Aquaphobe CF and Siliclad.
Comparing the WLI images, it is apparent that wiping commercial coatings cover the surface
uniformly. The roughness of the glass slides covered with commercial coatings was
measured using Surfcom profilometer and the roughness parameter values obtained did not
differ from untreated glass which once again confirms that the coatings do not seem to alter
the surface topography or roughness and the effect of surface topography on wettability is
kept at the minimum. The wettability and repellence data reported in chapter refer to the

change of surface chemistry and not to the change in substrate roughness.
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Figure 5.7 WLI images of glass substrates after coating deposition. Tutoprom wiped (a) and
Tutoprom dip-coated (b), Aquaphobe CM (c), Aquaphobe CF (d), Siliclad (e)

5.6.Effect of surface pre-treatment on coating deposition

The effect of surface pre-treatment was studied to identify whether the change of the surface
hydroxyl layer and physisorbed water caused by treatment affects adhesion of coating and

thus affect final wettability of the substrate.

Three different pre-treatments were studied: IPA wipe, IPA wipe followed by 200° bake for

1 hour and sonic cleaning for 15 minutes in acetone solvent. Glass slide without coating,
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stainless steel. The results obtained are presented in Table 5-8.

Table 5-8 Effect of surface pre-treatment on CA

Coating Substrate Treatment WCA [9] DCA [°]
IPA wipe 24.2 (£2.5) 50.8 (+1.2)
IPA wipe and 200 °C | 35.9 (+0.9) 37.5 (£1.6)
Glass for 1 hr
Sonic cleaning 15 min | 35.6 (£2.8) 40.3 (£1.5)
in acetone
IPA wipe 82.5 (£1.9) 60.1 (£3.1)
No coating | Stainless Sonic cleaning 15 min | 63.4 (£3.2) 45.5 (£3.0)
steel 304 | in acetone
mirror finish | IPA wipe and 200 °C | 60.2 (+4.7) 33.1 (£2.0)
for 1 hr
Sharc IPA wipe 104.4 (£0.2) 77.0 (£0.7)
Sapphire IPA wipe and 200 °C | 93.0 (£0.9) 64.0 (£2.7)
for 1 hr
Sivo EC | Glass IPA wipe 106.0 (£1.2) 92.9 (+2.0)
Clear IPA wipe and 200 °C | 74.6 (+3.4) 90.2 (+1.0)
for 1 hr
Sharc IPA wipe 98.8 (£2.9) 72.6 (£2.3)
Sapphire | Stainless IPA wipe and 200 °C | 94.9 (+1.9) 63.5 (£2.3)
steel 304 | for 1 hr
Sivo  EC | mirror finish | IPA wipe 109.7 (£1.0) 91.8 (£1.1)
Clear IPA wipe and 200 °C | 110.7 (£0.7) 91.5 (+2.4)
for 1 hr

Comparing the uncoated glass slides (Figure 5.8), additional heat treatment and sonic
cleaning cause increase in water contact angle while decreasing the values of the DCA. As

previously explained, this is caused by a decrease in the surface hydroxyl level. Stainless
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steel shows, as expected, higher hydrophilicity after the heat treatment as well as after the

acetone cleaning.
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Figure 5.8 CA values for glass and stainless steel 304 without coating

Comparing the coated glass slides (Figure 5.9), additional heat treatment prior to the coating
deposition decreased the final contact angles of both WCA and DCA. As studied earlier in
this chapter, thermal treatment of the substrate affects its wettability. The wettability of the
substrate is an important property that has an influence on the deposition and adhesion of
the coating. The results obtained showed that pre-treatment had a slight effect on the final
contact angles with probe liquids. The coated stainless-steel slides (Figure 5.9) showed a
slight change in contact angles but the decrease was not as significant as for glass.
Comparing the fluorinated treatment (Sivo EC) and non — fluorinated treatment (Sharc
Sapphire) on IPA wiped glass. The water contact angle was identical for both treatments
showing WCA of ~105°. However, WCA for Sivo EC after thermal pre-treatment showed
more significant decrease than SharcSapphire indicating that less of the coating adhered to
the dehydrated surface. Despite Sivo EC and Sharc Sapphire showing identical WCA on
glass, the DCA was significantly higher for fluorine containing coating (Sivo EC). Zisman
(1964) found that the SFE depends on the constituent groups in polymers, as follows: CH2
(36mN/m) > CH3 (30 mN/m) > CF2 (23 mN/m) > CF3 (15 mN/m). He reported that the
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replacement of a single fluorine atom by a hydrogen atom in a terminal -CF 3 group more

than doubles the critical surface energy. Fluorinated surface treatments have lower SFE and

therefore display higher contact angles with low surface tension probe liquids.
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Figure 5.12 Surface free energy of substrates without coating

The surface free energies of treated (Figure 5.10) and untreated glass (Figure 5.12) and
stainless steel 304 treated (Figure 5.11) and untreated (Figure 5.12) are presented. On the
glass substrate, after the IPA wipe, Sapphire exhibits higher disperse SFE compared to Sivo
EC. The polar part of SFE is identical for both treatments hence the main factor dictating
differences in SFE is the disperse part. The fluorinated treatment has higher level of
lipophobicity, the higher contact angle with DCA is considered in the SFE calculation, which
brings the overall SFE down. The thermal pre-treatment increases the polar part of SFE for
Sivo EC and disperse part for Sapphire treated glass. On stainless steel substrates there is no
significant change in polar component depending on substrate, pre-treatment or chemical
treatment. On the glass slides without coatings, pre-treatments decrease the polar component

and increase disperse part while on stainless steel the polar component is increased.
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5.6.1. Wettability after surface treatment with commercial coatings
Coating performance was assessed by the sessile drop measurement performed with Kruss
DSA 100, the measurement methodology for determining contact angles using the Kruss

DSA equipment is described in Chapter 4.

For the initial wettability the measurement of static contact angles was undertaken using
water and diiodo-methane as the probe liquids. Water contact angle (WCA) and diiodo-
methane contact angle (DCA) were used to calculate surface free energy (SFE) of the coated

substrate using OWRK method.

Table 5-9 presents values of WCA, DCA and SFE for coatings that were deposited on glass
and stainless steel 304 with 2B finish.

Table 5-9 Commercial coating WCA, DCA and SFE on glass

Coating WCA [°] DCA [°] Disperse | Polar SFE
[MN/m] | [mN/m] | [mN/m]
Sivo EC 95.3 (+4.4) 84.8 (£3.5) 15.1 4.4 19.6
Avalon Glass 88.9 (£3.5) 85.8 (£6.4) 14.7 7.3 22.0
Aquaphobe CF 94.1 (£5.8) 78.2 (£1.5) 18.4 3.9 223
Sivo Clear K1 +K2 | 88.9 (+11.3) 85.1 (£6.7) 15.0 7.5 22.5
Sharc Sapphire 97.4 (£0.1) 72.9 (£0.4) 21.3 2.0 23.3
Aquaphobe CM 92.3 (£1.3) 67.4 (£3.2) 243 2.8 27.2
SolarSharc 88.1 (£5.5) 66.6 (+1.4) 24.8 4.2 29.0
Tutoprom Bright 86.6 (£2.8) 64.0 (£2.3) 26.3 4.2 30.5
Siliclad 89.2 (£1.8) 58.5 (£3.9) 29.4 2.6 32.1
Aculon 305 77.2 (£1.1) 67.2 (£1.8) 24.7 9.3 34.1
Aculon 353 67.3 (£2.9) 63.0 (+2.6) 26.8 13.6 40.4

As can be seen from the table, the commercial coatings on glass gave WCA values in the
range of 67 to 96°, DCA values in the range of 63 to 84° and SFE values between 20 and 40

mN/m.
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Table 5-10 Commercial coating WCA, DCA and SFE on stainless steel 304 with 2B finish

Coating WCA [°] DCA [°] Disperse | Polar SFE
[MN/m] | [mN/m] | [mN/m]
Sivo EC 112.7 (£2.1) 91.1 (+4.6) 12.3 0.7 13.0
Avalon Glass 115.9 (£0.8) 89.3 (+0.2) 13.0 0.3 133
Aquaphobe CF 114.9 (£1.9) 89.3 (£2.8) 13.0 0.4 13.4
Sivo Clear K1 +K2 | 114.7 (£1.8) 89.4 (+4.8) 13.1 0.4 13.4
Sharc Sapphire 108.1 (£1.2) 85.3 (£3.9) 14.9 1.0 15.9
Aquaphobe CM 101.6 (£1.7) 73.7 (£1.7) 20.8 1.2 22.0
SolarSharc 98.6 (£3.4) 70.1 (£3.9) 22.8 1.5 243
Tutoprom Bright 96.8 (+4.0) 69.0 (+4.6) 23.5 1.8 25.3
Siliclad 106.6 (£7.5) 63.8 (£7.9) 26.4 0.2 26.6
Aculon 305 97.6 (+£0.6) 48.7 (£2.3) 35.0 0.3 353
Aculon 353 93.6 (+4.8) 43.9 (£2.7) 37.6 0.7 38.3

Coatings on stainless steel gave higher WCA values in the range of 94 to 113°, DCA values

in the range of 44 to 91° and SFE values from 13 to 38 mN/m.
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Figure 5.13 Contact angles and SFE for coatings deposited on glass
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Figure 5.14 Contact angles and SFE for coatings deposited on stainless steel

Figure 5.13 presents the WCA, DCA and SFE values of the coatings deposited on glass and
stainless steel. The coatings that showed highest values of both WCA and DCA on both
substrates were the fluorinated silane-based coatings; Sivo EC, Avalon Glass, Aquaphobe
CF, Sivo K1 + K2. The only non-fluorinated coating that showed similarly high WCA was
Sharc Sapphire which is not a silane but a polysilazane coating. Comparing the SFE
components, glass exhibits higher polar component values compared to stainless steel whose
SFE consists mainly of the disperse component. For the glass substrates, Sharc Sapphire,
Aquaphobe CM and Siliclad all decreased the polar part of the SFE the most compared to
other coatings. None of these coatings contain fluorine, Siliclad is octadecylsilane derivative,
Sharc Sapphire is methyl containing polysilazane and Aquaphobe CM consists of dichloro-
hexamethyltrisiloxane, dichloro-tetramethyldisiloxane and dichloro-

octamethyltetrasiloxane.

According to the initial wettability assessments, the coatings with the highest and lowest
repellency on both glass and stainless steel were selected for more detailed investigation and

were subjected to drop shape analysis using LST 50 and LST 30 probe liquids.

The results of these assessments are presented in Table 5-11 and Table 5-12.
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Table 5-11 Contact angles with probe liquids — coatings deposited on glass

Coating WCA (°) DCA (°) LST 50 (°) LST 30 (°)
Avalon Glass 88.9 85.8 77.1 (£2.5) 24.4 (£5.2)
Aquaphobe CF 94.1 78.2 77.4 (£3.3) 34.3 (£3.7)
Aquaphobe CM 92.3 67.4 80.7 (£2.9) 37.4 (£1.8)
Siliclad 89.2 58.5 66.9 (£1.1) 25.8 (£3.8)
Aculon 353 67.3 63.0 62.8 (+4.0) 25.5 (£3.4)

On the glass it can be seen that LST 50 contact angles were in the range of 63 to 81° and
LST 30 of 24 to 37°. LST 50 and diiodo-methane have similar surface tension of around
50mN/m, the difference is that LST is polar while diiodo-methane is apolar. LST 50 showed
lower contact angles on fluorinated coatings (Aquaphobe CF, Avalon Glass) compared to
diiodo-methane. Meanwhile a different trend can be seen with non-fluorinated treatments
where LST 50 exhibited higher contact angles. According to Zisman (1964) the SFE depends
on the constituent groups in polymers, as follows: CHz (36mN/m) > CH3 (30 mN/m) > CF»
(23 mN/m) > CF3 (15 mN/m). It was also reported that the replacement of a single fluorine
atom by a hydrogen atom in a terminal -CF 3 group more than doubles the critical surface
energy. According to Zisman’s study on surface free energies, it would be expected for
coatings containing fluorinated group to exhibit increased contact angles with LST 50.
Perfluorinated alkanes are known to have lower water solubilities than the corresponding
hydrocarbons, while exhibiting high level of lipophobicity. The thought-provoking
observation regarding the low SFE reported by Zisman is that the free energy of hydration
per unit hydrophobic surface area is similar for hydrocarbons and fluorocarbons. C-F bond
also exhibits higher dipole moment than the C-H bond and due to that a stronger binding
with dipolar water might be expected. The dispersion interactions of C-F are expected to be
more attractive than those of C-H with water due to the polarizability of F in the C-F bond
being higher than that in the C-H bond. The fluorocarbon surface could be argued to be more
hydrophilic than hydrocarbon surfaces based on the contact angle data presented in Table

5-11. However, this contrasts with common knowledge on fluorinated coatings as described
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by Zisman (1964) that the replacement of a single hydrogen atom by a fluorine atom in a

terminal -CH 3 group more than halves the SFE.

Table 5-12 Contact angles with probe liquids — coatings deposited on stainless steel 304 2B finish

Coating WCA (°) DCA (°) LST 50 (°) LST 30 (°)
Avalon Glass 112.7 91.1 89.1 (£3.3) 35.7 (£7.0)
Aquaphobe CF 115.9 89.3 91.5 (+1.3) 46.7 (£1.3)
Aquaphobe CM 106.6 63.8 81.2 (£3.6) 12.2 (£1.6)
Siliclad 97.6 48.7 75.9 (£2.6) 18.7 (£7.6)
Aculon 353 93.6 43.9 68.4 (+1.4) 28.1 (£2.7)

On the stainless steel it can be seen that LST 50 contact angles were in the range of 68 to 91°
and LST 30 of 12 to 47°. Similarly, for the observation on glass substrate; LST 50 showed
similar contact angles on fluorinated coatings (Aquaphobe CF, Avalon Glass) to diiodo-
methane. Meanwhile a different trend can be seen with non-fluorinated (Aquaphobe CM,

Siliclad, Aculon 353) treatments where LST 50 exhibited higher contact angle.

Comparing wettability data on glass (Table 5-11) and stainless steel (Table 5-12). Contact
angles on stainless steel were higher for Avalon Glass and Aquaphobe CF. While for other
coatings contact angle values were either comparable or lower. This difference in values
between the same coatings can be attributed to the substrate roughness effect or the ability

of the coating to adhere to a specific surface.

5.7.Commercial coating treatment - Dynamic contact angle study

Dynamic contact angle measurements were performed on Aquaphobe CM, Aquaphobe CF
and Siliclad coatings deposited on glass. This method was used to determine contact angle
hysteresis, sliding angle and liquid roll-off angle as a function of the surface tilt. There is no
standard procedure for this method, but conditions such as drop volume and tilting speed
must be taken into consideration when performing the measurement. The methodology used
is described in detail in Chapter 4. The obtained contact angle values at varying surface tilt
from 0 to 80° were evaluated to determine the sliding angle (SA), advancing and receding
contact angles and contact angle hysteresis. One of the main criteria used for evaluation was
movement of the three-phase contact point (CP); the receding (CP(R)) and advancing
(CP(A)) points between surface, liquid and gas phase. The sliding angle was identified as

the angle of inclination at which the position of the moving three-phase point is displaced
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by 40 pixels for both receding and advancing points and roll-off angle was taken as a value

of the surface tilt at which a droplet leaves the camera view.

The receding and advancing water CAs and CPs measured by Kruss DSA are plotted in
Figure 5.16 as a function of surface tilt. As can be seen from contact angle measurements,
as the surface is being tilted the receding side exhibits bigger change in CA compared to the
advancing one. As the tilting angle increases, the advancing contact angle becomes higher
and with it hysteresis grows. For all three coatings the hysteresis is in the range of 10-23°
with the highest hysteresis value at roll off tilt. As previously mentioned, the difference
between the advancing and receding CAs is contact angle hysteresis (CAH) and it is used as
a measure of how well a droplet can pin to the surface. The CAH should be minimal for the
droplet to desorb easily. In terms of contact point values, the CP points were converted from
millimetres to pixels to allow for the comparison between different measurements and
magnifications. From the plots, it can be seen that both advancing and receding sides start
movement at the same tilt angle. The hysteresis of contact points (CPH = CP advancing —
CP receding) is not evident from these plots. In order to compare the differences in advancing
and receding sides for both CA and CP Figure 5.17 presents CAH and CPH as a function of
surface tilt angle. The CAH begins to increase before the movement of droplet, and it
increases inversely with tilt. Contact points start the motion only after a certain degree of
CAH is achieved and show hysteresis of about 10 px. The hysteresis between advancing and
receding points suggest that receding CP remains pinned and starts motion later than
advancing side. The values of measured roll-off angles and sliding tilts together with CAH
are presented for each coating in Table 5-13 for water and Table 5-14 for diiodo-methane.
Comparing the repellency performance of Siliclad, Aquaphobe CM and Aquaphobe CF.
Aquaphobe CM and Aquaphobe CF showed the lowest water roll-off tilts of ~ 40°. While
Siliclad has an average roll-off tilt of 58°. In comparison to water, diitodo-methane did not
exhibit either roll-off or pinning of the droplet. Instead, it spread out and created a film on
the surface. The spreading action took place at a very low tilt angle of approximately 7-9°
and the CAH measured was very high 31-48°. For all three coatings the same action was
observed. It is considered that CAH provides information on the pinning/adhesion force of
the droplet to the surface, but CAH on its own does not provide information whether the
droplet is exhibiting a film forming behaviour, whether it is spreading and wetting out a
surface or whether it easily de-wets and rolls off without leaving a film behind. To provide
information on the dynamic wetting behaviour that CAH is lacking, the CPH parameter was

developed and studied. Identifying and calculating CPH parameters adds value to the
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dynamic contact angle measurements. As demonstrated in this section, CPH provides
insights in identifying the type of wetting behaviour taking place and in distinguishing if the
dewetting is taking place or the receding side remains pinned. Which is an important
behaviour in surface wettability that cannot be easily described by static contact angles,

dynamic contact angles or even contact angle hysteresis.
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Figure 5.15 Dynamic contact measurements on Siliclad (a), Aquaphobe CM (b) and Aquaphobe CF
(©).
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Figure 5.17 Contact angle hysteresis (CAH) and Contact point hysteresis (CPH) as a function of tilt
angle on Siliclad (a), Aquaphobe CM (b) and Aquaphobe CF (c).
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Table 5-13 Water contact angle movement

Movement Siliclad Aquaphobe CM Aquaphobe CF
Tilt CA [R] | CA[A] CAH Tilt CA [R] CA [A] CAH Tilt CA [R] | CA[A] CAH
") ") ") ") ") ") ") ") ") ") ") ")

10 px 383 76.0 95.3 19.3 243 79.7 91.0 11.3 26.0 81.0 923 11.3
(+5.0) (£5.0) (£2.5) (#2.5) | (£5.5) (#9.5) (#9.5) (*1.5) | (£6.2) (£3.6) (£2.5) (£1.5)
40 px 50.0 75.0 97.0 22.0 27.7 80.0 92.7 127 36.3 78.3 94.3 16.0
(£15.7) (£2.0) (+1.7) (#1.0) | (£6.1) (*11.3) (x11.0) (*1.5) | (£6.5) (+4.2) (£2.1) (£3.6)
roll off 53.7 72.3 95.7 233 42.0 76.3 93.7 17.3 42.0 74.3 94.3 20.0
(x18.9) (£1.2) (£0.6) (£0.6) | (£20.2) (#9.9) (£7.8) (#£2.5) | (£6.9) (£5.5) (£3.2) (£5.0)

Table 5-14 Diiodo-methane contact angle

Siliclad Aquaphobe CM Aquaphobe CF
roll off tilt 7.0 (£1.7) 8.3 (£2.1) 9.0 (+1.0)
CA [R] roll off 58.3 (£28.6) 45.7 (£8.0) 60.0 (£3.6)
CA [A] roll off 96.0 (£9.6) 94.0 (£11.3) 91.7 (+14.0)
CAH roll off 37.7 (£21.2) 48.3 (x18.9) 31.7 (£17.2)
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5.8. Summary

This chapter provided a review on various surface treatments and how they affect solid-
liquid interaction by measuring the static and dynamic contact angle with a variety of polar
and non-polar probe liquids. The substrates reported in this chapter were planar with minimal
surface roughness in order to minimise the effect of surface topography on repellence and
mainly concentrate on the effect of surface chemistry achieved by treatments. The surface
roughness of selected substrates (glass, stainless steel 304 with 2B finish and mirror finish)
was measured using White Light Interferometry, Alicona and surface profilometer Surfcom.
The data collected via three different measurement technique are in agreement that the
substrate roughness increases from glass, stainless steel mirror finish to stainless steel with

2B finish.

In terms of surface treatments, different cleaning approaches, thermal and humidity
treatments were studied and their effect on substrates wettability, SFE and contact angles
after final coating deposition were assessed. The main findings for thermal and humidity
treatments were that the glass has a stable and constant disperse SFE term. Heating and
exposure to a humid environment had a negligible impact on it, whilst the polar term showed
considerable variation. Heating the glass appears to reduce the polar contribution whilst
exposing it to humidity increases this term. A dehydration, rehydration mechanism would
account for this behaviour. The steel surfaces show a far more complex behaviour. The
disperse term is changed by heating at 150°C, the polar term also changes significantly by
this treatment. The surface finish appears to have a notable effect on the polar term on
exposure to damp heat. The behaviour of the steel therefore cannot be explained by a simple

hydration model.

Eleven coatings (fluorinated and non-fluorinated) deposited on glass and stainless steel were
studied. The commercial coatings deposited on glass gave static WCA values in the range
of 67 to 96°, DCA values in the range of 63 to 84° and SFE values between 20 and 40 mN/m.
Coatings on stainless steel gave higher WCA values in the range of 94 to 113°, DCA values
in the range of 44 to 91° and SFE values from 13 to 38 mN/m. The coatings that showed
highest values of both WCA and DCA on both substrates were the fluorinated silane-based

coatings. The studied coatings were also exposed to LST probe liquid assessment. The
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assessment showed that polar LST 50 exhibits higher contact angles on non-fluorinated
coatings compared to diiodo-methane. From the obtained results it could be argued that

fluorocarbon surface is more hydrophilic than hydrocarbon surfaces.

The wettability of commercial coatings Aquaphobe CM, Aquaphobe CF and Siliclad were
studied via dynamic contact angle measurements to obtain CAH and CPH values. The
obtained data showed that CAH begins to increase before the movement of droplets, and it
increases inversely with the tilt angle. Contact points start the motion only after a certain
degree of CAH is achieved. The hysteresis between advancing and receding points suggest
that receding CP remains pinned and starts motion later than the advancing side. It is
considered that CAH provides information on the pinning/adhesion force of the droplet to
the surface, but CAH on its own does not provide information whether the droplet is
exhibiting a film forming behaviour, whether it is spreading and wetting out a surface or
whether it easily de-wets and rolls off without leaving a film behind. To provide information
on the dynamic wetting behaviour that CAH is lacking, the CPH parameter was developed
and studied in this chapter. Identifying and calculating CPH parameters adds value to the
dynamic contact angle measurements. As demonstrated in this section, CPH provides
insights in identifying the type of wetting behaviour taking place and in distinguishing if the
dewetting is taking place or the receding side remains pinned. Which is an important
behaviour in surface wettability that cannot be easily described by static contact angles,

dynamic contact angles or even contact angle hysteresis.
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CHAPTER 6. ENGINEERED ROUGHNESS - MICRO SCALE

6.1.Introduction

The wetting of substrates is significantly influenced by their surface topographic
characteristics or in other words surface roughness. As described in Chapter 2, Wenzel and
Cassie Baxter models explain that the apparent contact angle on a rough surface differs from
the inherent contact angle. The wettability can either be enhanced or reduced by the increase

in surface roughness (Figure 6.1).
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Figure 6.1 Apparent contact angle versus inherent contact angle

The complex interaction of surface chemistry and roughness, appealing to both adsorption
and mechanical interlocking theories of adhesion, are used to explain the increased adhesion
resulting from micro or nano rough surfaces. It is well known that to achieve improved
abhesion the specific surface area should be minimised. Critical factors affecting wettability
and adhesion are SFE and surface roughness. Deeper understanding on how surface
roughness in combination with SFE affect wettability by a variety of liquids could help

develop surface treatments for industrial applications.

Therefore, the wettability of the surface can be tuned not only by changing its surface

chemistry (as described in Chapter 5) but also by altering the topographic characteristics.
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This chapter overviews the engineered surface topography of the micro scale level and its

effect on wetting by a range of probe liquids, both polar and non-polar.

6.2. Substrates and surface roughness

Grit blasting was chosen to generate substrates with different levels of roughness in the
micro-scale range. It was intended that the process would minimise the variability that might
arise from surface treatments such as chemical etching and provide reproducible method.
The grit blasting process used alumina abrasive media particles with grit sizes of 240, 220,
100, 60, 36 blasted at pressures of 40, 40, 40, 50 and 70 psi, respectively. SS304 coupons
with 2B finish were used as a basis for grit blasting. The roughness of the stainless-steel
substrates before and after blasting was evaluated by confocal microscope and surface
profilometer. Alicona confocal microscope with the vertical resolution of up to 10 nm was
used. Zeiss Surfcom 130 stylus profilometer was used to measure 2D roughness profile of a
surface. Surfcom 130 is a tracing driver with free stylus-and-arm system. The evaluation
length was set up to 10 mm. The AFM and SEM were used to generate substrates’ surface
morphology images before and post surface treatment. The methodology of surface

roughness measurement as well as grit blasting process is described in Chapter 4.

The roughness parameters obtained are presented in Table 6-1 and roughness profile,
kurtosis and skewness are presented in Figure 6.2, Figure 6.3 and Figure 6.4 respectively.

The topography images taken with Alicona are presented in Figure 6.5.

The Alicona images demonstrate that the untreated stainless-steel substrates are completely
planar with minimal surface roughness features. The increase in the grit size promotes the

increase in height and depth of the peaks and valleys for all samples.
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Table 6-1 Alicona measurments

Chapter 6. Engineered roughness — Micro scale

Parameter | mirror SS304 | SS 2B finish SS 240 SS 220 SS 100 SS 60 SS 36
Ra (um) 0.14 £ 0.01 0.14+0.01 1.19 +0.06 1.34+0.06 1.34+£0.05 1.71 £0.14 2.91+0.39
Rq (nm) 0.18 £0.01 0.18+0.00 | 1.51+0.08 1.71 £ 0.08 1.72 £ 0.04 2.16 £0.19 3.82+0.56
R¢ (um) 1.92 £0.00 1.36£0.00 | 10.23+0.92 | 11.67+£0.58 12.03+1.11 | 13.17+1.03 | 24.45+4.09
Rz (um) 1.24 £ 0.00 1.10+0.00 | 7.50+0.52 8.57 +0.47 8.98 +0.41 10.03+1.03 | 17.86+2.06
Rmax (um) 1.74 £ 0.00 1.34+0.00 | 9.65+1.28 11.31 £ 0.60 1139+ 1.13 | 12.884+0.97 | 23.13+4.89
Ry, (nm) 1.3.0+£0.00 | 0.54+0.10 | 5.14+0.72 5.89+0.67 5.82+0.26 6.53 +1.07 9.94+1.23
Ry (um) 0.61 £0.01 031+043 | 5.10+0.50 578 +£0.13 6.21 £0.85 6.65 £0.35 14.51 £4.57
Rc (um) 0.71+£0.10 | 0.60+0.03 | 4.67+0.10 5.35+0.35 5.61+0.26 6.58 £0.26 11.46 +1.26
Rsm (nm) 0.13+0.03 0.11+0.05 | 111.14+4.33 | 126.58 £ 14.89 | 12590 + 12.88 | 126.27 £3.02 | 162.33 + 13.49
Rk 0.75+0.00 | -0.53+0.00 | 0.14+£0.06 0.00 +0.09 -0.01+£0.02 | -0.06+0.13 -0.58 £ 0.60
Rku 6.85+0.00 | 4.05+0.00 | 3.38+0.26 3.51+0.05 3.48 +£0.32 3.10+0.17 441+143
Raq 0.03+0.00 | 0.03+0.00 | 0.15+0.01 0.15+0.01 0.16 £0.01 0.18+0.01 0.25+0.03
R¢/R, 1.55+0.00 1.24+0.00 | 1.37+0.16 1.36 £0.03 1.33 £0.06 1.32 £0.06 1.36 £ 0.08
Lc (um) 800.00
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Figure 6.2 Roughness profile parameters according to Alicona measurements
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Figure 6.4 Roughness profile kurtosis for stainless steel substrates
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Figure 6.5 Surface topography images taken with Alicona,; Stainless steel mirror finish (a), Stainless

steel 2B finish (b), Grit 240 (c), Grit 220 (d), Grit 100 (e), Grit 60 (f), Grit 36 (g)
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Figure 6.6 (a) Stainless steel 304 2B finish AFM image (b) Stainless steel 304 grit blasted with grit

100 at 40 psi

Figure 6.7 SEM images; (a) Stainless steel with mirror finish, (b) Stainless still grit blasted with Grit

100

Table 6-2 Surface roughness measured by Surfcom and Alicona

Equipment | Paramete mirror normal Grit 100 | Grit 60 Grit 36
used r (Mm) SS304 ss304
Surfcom Ra 0.04 0.16 1.34 2.28 4.01
130A + 0.00 + 0.01 +0.01 +0.17 +0.14
Rq 0.05 0.21 1.70 2.88 5.14
+ 0.00 +0.00 +0.01 +0.2 +0.17
Rsk -0.28 -1.67 -0.11 -0.2 -0.02
Riu 3.22 11.64 3.38 3.34 4.07
Alicona Ra 0.14 £ 0.14 = 1.34 + 1.71 + 291+
0.01 0.01 0.05 0.14 0.39
Rq 0.18 £ 0.18 + 1.72 £ 2.16 + 3.82+
0.01 0.00 0.04 0.19 0.56
Rsk 0.75 0.00 -0.01 -0.06 -0.58
Riu 6.85 4.05 3.48 3.10 4.41
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Surface roughness values are dependent on the measuring technique, selected surface spatial
wavelengths included, and the lateral resolution of the measuring method used. The variation
in the optical and mechanical profile roughness is caused by differences in lateral resolution.
The optical interferometric methods are limited by the resolution of the optical systems,
while the resolution of the mechanical methods depends on the contact area of the stylus on
the surface peaks/valleys (Bennett, 1985). Comparing the roughness values obtained by
surface profilometer and Alicona in Table 6-2, there is a slight variation in the measurements.
However, measurements agree on roughness increasing from mirror finish to Grit 36 blasted
stainless steel. The surface roughness values presented are average of at least three
measurements and the standard deviation confirms that the blasting method provides
reproducible surface topographies. The AFM and SEM images (Figure 6.6 and Figure 6.7)
demonstrate the morphology of substrates before and after roughening treatment. Grit
blasting creates surfaces with stochastic topographic pattern with reproducible statistic
roughness parameters. As presented in Figure 6.2 the shape of the profile for all blasted
substrates is the same; all the measured parameters increase with increase in the size of the
gritused. This increase is coherent and consistent across samples. The significant change is
demonstrated by substrates blasted with grit 36 demonstrating the highest values in height
of the roughness profile’s peaks and valleys. However, it still maintains the same shape of
the profile. As the profile exhibits consistent shape for all the grits used and all the
parameters show an increase, it does not matter which specific parameter is used to describe

the surface as the increase is consistent across them.

The skewness of the profile is presented separately to compare the height distribution across
all samples in Figure 6.3. Grit blasted samples demonstrated negative skewness with the
only outlier being grit 240. Negative skewness means that the height distribution of the
profile is below the mean plane/baseline, thus the profile has more roughness valleys/pits
than peaks. Another parameter that is presented is kurtosis in Figure 6.4. Kurtosis is a
measure of the sharpness of the profile. The values for grit blasted samples suggest that their

profiles are spiked with grit 36 having the sharpest profile among all the blasted substrates.
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6.3. Wettability assessment of substrates

6.3.1. Static contact angle measurements

Glass and stainless steel samples with roughness average varying from 0.1 ym to 4 pm
(mirror finish, 2B finish, grit blasted with grit sizes of 100, 60, and 36) were selected for
wettability assessment. Grit 240 and 220 were not included in the study as their roughness
is not significantly different from grit 100. The wettability was evaluated by Kruss DSA 100
with the evaluation methodology described in Chapter 4. The obtained contact angles are

reported in Table 6-3.

Table 6-3 No coating

Substrate Ra(um) | WCA() | DCA(") | LST50(°) | LST30 ()
Glass 0.0 242 (£2.5) | 69.2 (£0.6) | 25.4 (0.5) <10
SS Mirror finish 0.1 80.1 (£2.6) | 57.3 (¥2.3) | 61.4 (+0.3) <10
2B 0.1 86.8 (£1.3) | 50.4 (£1.6) | 77.4 (¥2.3) <10
Grit 100 13 933 (£5.9) | 67.2(£5.5) | 18.1 (x1.5) <10
Grit 60 1.7 63.5 (+2.9) | 43.8 (£3.8) | 33.8 (+4.8) <10
Grit 36 2.9 43.8 (£7.0) | 59.9 (£2.4) | 75.3 (+3.7) <10

The increase in surface roughness from 0.01 pm to 4 ym for the uncoated substrates results
in a rise of static contact angles for probe liquids. For liquids with lower SFE that are LST
30, gave static contact angles below 10°. According to Wenzel the greater the deviation from
90° on a smooth surface (Figure 6.1), the greater will be the influence of introduced
roughness. Thus, if the contact angle is below 90°, the introduction of surface roughness is
expected to decrease the contact angle further, however the obtained values do not seem to
follow this trend. Introduction of roughness increased the contact angle even though the
starting contact angle was below 90° for all liquids studied. The highest contact angle
achieved was on SS304 blasted with grit 100 for water, on glass for diiodo-methane and on
SS304 2B finish for LST50. In the Wenzel equation chemical composition and the shape of
roughness profile are ignored (Islam, Tong, and Falzon 2014; Nakajima 2011). However,
these are very important factors for wettability of substrates. Another parameter that might
affect this relationship is the droplet size. It was reported that the Wenzel approximation
improves with increase in droplet size in comparison to roughness profile size. However, the
limit of roughness size is still to be fully understood (Wolansky and Marmur 1998; Islam,
Tong, and Falzon 2014).
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To assess the effect of surface chemical treatment on roughened substrates, five commercial
coatings were selected; Aculon 353, Tutoprom Bright, Sharc Sapphire, Avalon Glass and
Sivo EC. The coating composition, preparation, deposition and drying/curing method was
the same as for planar surfaces described in Chapter 5. The wettability assessment values for
coated substrates are reported in Table 6-4, Table 6-5, Table 6-6, Table 6-7 and Table 6-8.
The contact angle data is presented in Figure 6.8, Figure 6.9, Figure 6.10, Figure 6.11, Figure
6.12 and Figure 6.13.

Table 6-4 Aculon 353

Substrate Ra (um) WCA () DCA (%) LST 50 (°) | LST 30 (°)

Glass 0.0 67.3(£2.9) | 63.0(£2.6) | 62.8 (¥4.0) | 25.5 (£3.4)

SS Mirror finish 0.1 93.7(£2.3) | 69.6 (x1.4) | 84.2(£3.2) | 51.3 (#2.7)

2B 0.1 93.6 (+4.8) | 43.9 (£2.7) | 68.4 (x1.4) | 28.1 (£2.7)

Grit 100 1.3 103.2 (#4.3) | 61.9 (£5.2) | 94.3 (#£3.7) | 80.9 (£5.6)

Grit 60 1.7 113.8 (£6.4) | 82.5(#3.9) | 82.0(£3.9) | 40.4 (£3.3)

Grit 36 2.9 113.0 (£5.1) | 88.8(£3.7) | 87.8 (£5.2) | 47.4 (£3.4)
Table 6-5 Tutoprom Bright

Substrate Ra (um) WCA () DCA (%) LST50(°) | LST 30 ()

Glass 0.0 86.6 (£2.8) | 64.0 (£2.3) | 76.2(£3.8) | 58.7 (¥2.2)

SS Mirror finish 0.1 98.6 (£1.0) | 70.1 (£1.1) | 87.5(£5.2) | 52.1 (£5.4)

2B 0.1 96.8 (+4.0) | 69.0 (+4.6) | 86.9 (£3.0) | 76.9 (£8.9)

Grit 100 1.3 118.9 (£3.5) | 90.5 (#3.8) | 100.7 (£3.8) | 69.0 (£1.4)

Grit 60 1.7 128.9 (£2.1) | 92.5 (#£5.6) | 110.3 (£7.8) | 75.8 (¥2.8)

Grit 36 2.9 119.6 (£1.5) | 86.3 (x1.6) | 112.6 (£2.2) | 73.6 (£2.6)

117




Table 6-6 Sapphire

Chapter 6. Engineered roughness — Micro scale

Substrate Ra (um) WCA () DCA (°) LST S50 (°) | LST 30 (°)

Glass 0.0 97.4 (£0.1) | 72.9 (£0.4) | 96.9 (£2.3) | 73.8 (£2.9)

SS Mirror finish 0.1 99.7 (£1.4) | 72.6 (£1.6) | 84.5(£3.2) | 75.1 (£3.8)

2B 0.1 98.6 (£3.4) | 70.1 (£3.9) | 101.0 (£1.7) | 80.3 (£2.8)

Grit 100 1.3 127.5(£2.2) | 949 (£1.4) | 111.5(£5.6) | 82.2 (£3.8)

Grit 60 1.7 127.7 (£1.0) | 90.8 (£3.0) | 116.2 (£6.7) | 66.6 (+2.6)

Grit 36 2.9 123.7 (£2.1) | 92.2 (£1.4) | 108.0 (+4.3) | 59.4 (£2.6)
Table 6-7 Avalon Glass

Substrate Ra (um) WCA (°) DCA (°) LST 50 (°) | LST 30 (°)

Glass 0.0 88.9 (£3.5) 85.8 (£6.4) | 77.1 (£2.5) | 24.4 (£5.2)

SS Mirror finish 0.1 98.8 (£3.0) | 76.2(£3.6) | 92.9 (£3.1) | 59.1 (#4.3)

2B 0.1 112.7 (£2.1) | 91.1 (#4.6) | 89.1 (£3.3) | 35.7 (£7.0)

Grit 100 1.3 129.3 (£3.0) | 117.4 (£2.8) | 119.9 (£5.2) | 88.7 (£5.1)

Grit 60 1.7 132.0 (£1.3) | 116.8 (x1.8) | 121.6 (£1.9) | 72.2 (£2.9)

Grit 36 2.9 131.4 (£0.6) | 112.6 (£2.5) | 119.4 (£6.0) | 64.7 (£3.9)

Table 6-8 Sivo EC

Substrate Ra (um) WCA (°) DCA (°) LSTS50(°) | LST 30 (°)

Glass 0.0 95.3 (+4.4) | 84.8 (£3.5) | 96.9 (£2.3) | 93.7 (x1.7)

SS Mirror finish 0.1 107.0 (£2.2) | 86.4 (£3.1) | 94.8 (£1.2) | 86.4 (£1.8)

2B 0.1 114.7 (£1.8) | 89.4 (£4.8) | 112.2 (£2.1) | 100.8 (£1.7)

Grit 100 1.3 1342 (£1.1) | 118.7 (£3.4) | 128.2 (£1.3) | 114.1 (£6.9)

Grit 60 1.7 133.8 (£2.1) | 123.4 (£1.9) | 120.4 (£2.5) | 69.2 (£3.2)

Grit 36 2.9 134.1 (£0.3) | 122.0 (£0.5) | 109.6 (£2.8) | 67.8 (£2.9)
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Figure 6.14 Repellence as a function of roughness average

To assist with the visualisation of the obtained CA data with water, diiodo-methane, LST 50
and LST 30 the values are presented in Figure 6.14 as a function of surface roughness. As
can be observed from the plots (Figure 6.8 to Figure 6.14) increase in surface roughness
significantly enhances the water and diiodo-methane abhesion on coated substrates. For the
stainless-steel substrate without any coating the increase in water contact angle is maintained
up to 1.3 after which it decreases. The diiodo-methane and LST 50 follow the different trend,
the CA for both liquids decreases up to a roughness value of 1.3-1.7 um after which it
exhibits an uplift.

In terms of the substrates with deposited coating, the chemical treatment enhances contact
angle for all probe liquids. Water exhibits consistent increase up to a roughness average
value of 1.7 um after which the increase in roughness does not have an influence on the CA
value. The coating has a significant influence on the uplift of the CA on substrates with high
roughness average value (Grit 36 blasted — Ra 2.9 um). Deposition of the coating enhanced
the WCA from 40 ° (on uncoated substrate) to a value of 100-130 ° (on coated substrates).
The coating does not seem to have such a significant influence on the wettability/repellence

of smooth/planar substrate. Comparing the values on the SS304 with mirror finish the
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coating deposition increased the initial WCA from 80 ° to 97-107 ° with the highest values

achieved on fluorinated surfaces.

Diiodo-methane and LST 50 on coated substrates show similar trend to water, there is an
uplift in CA with increased roughness and after roughness average of 1.7 um the CA is not

influenced by increase in roughness.

The deposited fluorinated coatings together with roughness increased LST 30 CA from 0 to
70-110°. However, for LST 30 this effect is maintained up to a surface roughness average
of 1.7 ym after which increase in roughness causes probe liquid to penetrate the roughness
grooves and thus a decrease in CA. This is opposite to the effect seen with water, diiodo-

methane and LSTS50.

For some of the blasted samples standard deviation values were higher compared to mirror
finish ones. This agrees with the assumption that heterogeneous surfaces exhibit more than
one local contact angles. The contact angle varies along the three-phase contact line for a
liquid drop deposited on a rough surface (Jaroslaw W Drelich, 2019). Thus, it creates a

variation in the observed contact angles (Méndez-Vilas et al., 2006).

6.3.2. Wettability by Xylene and Decane

Sharc Sapphire and Sivo EC coated mirror finish and grit 100 blasted stainless steel
substrates were subjected to a further wettability assessment by o-xylene and decane probe
liquids. The obtained values are reported in Table 6-9. The un-fluorinated coating (sapphire)
showed complete wetting with decane. On the other hand the fluorinated surface treatment
(Sivo EC) maintained decane and o- xylene repellence on both smooth and roughened

substrates Figure 6.15. The surface energies of the substrates are reported in Table 6-10.

| | a‘lﬂv I | \Lb‘

Figure 6.15 Sapphire coating on (a), Sivo EC coating (b)— (left to right) mirror finish, Grit 100, Grit

60, Grit 36. Decane droplet (top) and Xylene droplet (bottom).
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Table 6-9 Wettability assessment with o-xylene and decane
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Surface Surface treatment CA with CA with
o-xylene (°) decane (°)
Stainless steel Grit 100 <10.0 <10.0
Mirror finish <10.0 <10.0
Sivo EC Grit 100 52.0+0.6 544+7.6
Mirror finish 55.7+£2.5 47.8+4.3
Sapphire Grit 100 21.6 £2.0 <10.0
Mirror finish 249 +£2.1 159+5.1

Table 6-10 Surface free energies of coated and uncoated mirror finish and blasted steel substrates

Surface Surface treatment | SFE (mN/m) | Disperse Polar (mN/m)
(mN/m)

Stainless steel | Grit 100 27.6+5.1 24.5+3.1 3.1+£2.0
Mirror finish 358+2.5 30.1£1.3 57+1.2

Sivo EC Grit 100 3.6£0.6 3.5+0.7 0.1+0.1
Mirror finish 15713 143+1.5 1.3+0.5

Sapphire Grit 100 10.7 £0.6 10.7 £0.6 0.0 £0.0
Mirror finish 229+0.9 21.4+0.9 1.5+0.3

The SFE for each substrate was calculated using Owens, Wendt, Rabel and Kaelble (OWRK)

method based on water and diiodo-methane contact angle values. The most significant

decrease was for fluorinated treatment (Sivo EC), the SFE decreased from 15.7 mN/m to 3.6

mN/m. Both the disperse and polar parts of the surface tension decreased. For all samples
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increase in roughness provided a decrease in SFE (Table 6-10). Probe liquids do not
penetrate in the roughness grooves of the substrate if the roughness profile can maintain
capillary pressure and create air pockets inside the grooves. The decrease in the interfacial
surface area provides uplift in repellence. This means that the decrease in SFE values is not
attributed to the actual change in SFE but to the increase in contact angles based on which

SFE is being calculated.

6.3.3. Dynamic contact angles

Treated and untreated grit blasted stainless steel substrates were subjected to dynamic

contact angle measurements. The methodology used is described in Chapter 4.

6.3.3.1. Dynamic contact angles on uncoated substrates

The results of the assessment are reported in Table 6-11 and Table 6-12 for uncoated
surfaces. For all stainless-steel substrates studied, none of them exhibited a water roll — off.
Diiodo-methane did not exhibit the roll-off of the droplet, when the substrates were tilted all
of them exhibited film formation which is caused by the lower surface tension of diiodo-

methane compared to water.

Table 6-11 Water Roll off angles on uncoated substrates

Tilt 0 ° Tilt 80 ° Comments
CA [R] CA [A] CA CAJA] | CAH ()
) ) [R] ©)
(@)
Mirror 77.1 76.9 52.4 84.5 32.1 no roll off
finish

2B finish 71.4 75.5 54.3 89.4 35.1 no roll off
Grit 100 88.9 88.2 59.5 88.2 28.7 no roll off
Grit 36 74.7 76.1 51.5 81.0 29.6 no roll off

Table 6-12 Diiodo-methane roll-off angles on uncoated substrates

Tilt0° Sliding tilt Comments
CA | CAJA] | Sliding| CA |CAJA]| CAH
[R] ) tilt °) | [R] ©) )

©) (@)
Mirror finish 65.8 61.4 7.7 423 87.0 447 film
2B finish 63.2 51.8 13.0 13.3 144.9 131.6 film
Grit 100 71.0 61.2 18.0 19.6 127.8 108.3 film

Grit 36 62.9 63.5 17.0 25.4 108.6 83.2 film
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6.3.3.2. Dynamic contact angle measurements on coated substrates

For the substrates treated with coatings a similar trend was observed. Water did not exhibit
roll-off on roughened substrates while probe liquids with lower surface tensions exhibited
film formation. The dynamic contact angle data are presented in tables in Appendix A for
each coating (Tutoprom, Sapphire, Sivo EC, Avalon Glass and Aculon 353) deposited on
glass, SS304 with mirror finish, SS304 with 2B finish, SS304 blasted with grit 100, 60 and
36. The dynamic contact angle values were measured with water, diiodo-methane, LST 50
and LST 30 probe liquids. The data presented in the tables are values at the roll-off point
taken across three samples and averaged. The tables present roll-off contact angles at
receding and advancing side, the roll-off tilt as well as contact points at receding and
advancing sides. The contact points were measured to calculate the diameter of each droplet
and study its spreading at roll-off. The contact angles were used to get the values of contact
angle hysteresis at roll-off. The roll-off in this study refers to the tilt angle at which the
droplet is leaving the camera view. In case of no-roll off, the maximum tilt of 80 ° is
presented as a roll-off angle meaning that the droplet remained pinned even at the maximum
tilt of the DSA tilting table. To help with the visualisation, CAH (at roll-off tilt), the droplet
diameter (at roll-off tilt) and the roll-off tilt are plotted for water and LST 50 in Figure 6.16
to Figure 6.21. Water displayed the lowest roll-off tilt for all coating systems on glass and
mirror finish stainless steel 304 (Figure 6.16). On planar surfaces the fluorinated Sivo EC
showed the lowest roll-off tilt of 45° on glass and Sapphire on mirror finish stainless steel
304. As roughness increased non-fluorinated coating systems (apart from Sapphire) showed
no roll-off (petal effect). On SS304 blasted with grit 36 (4 ym roughness average) the only
coating that displayed roll-off was Sapphire. In terms of contact angle hysteresis at roll-off
tilt, no massive variation was seen across the coatings with CAH ranging from ~ 20-25° for
most coatings (Figure 6.17). On grit 36 the lowest CAH was exhibited by Sapphire, which
explains its roll-off capability. Across all the samples the lowest water CAH for all coating
systems was observed on samples with lowest roughness (glass). To study the spreading of
the droplet at roll-off, its diameter was calculated. The value is presented in pixels in Figure
6.18. The values were converted from millimetres to pixels to normalise and account for the
possible differences in magnification factor across the measurements. No significant change
in droplet diameter was observed across the samples, but the lowest diameter was exhibited

on the roughest substrate (grit 36) for all coating systems. LST 50 showed similar trend to
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water, with the lowest roll-off tilt being on planar substrates (glass, SS304 mirror finish,
SS304 2B finish) while the substrate roughness enhanced the pining effect. The contact angle
hysteresis on the other side was much higher compared to water with values ranging from
20-50 ° on planar surfaces while on roughened ones the increase up to 85-95 © was observed
which suggests very high pinning as well as film formation due to LST 50’s lower surface
tension. The diameter of the droplet was also observed to be higher than for water. In case
of Diiodo-methane and LST 30, those probe liquids showed film formation at low roll-off
tilts and high CAH values on all substrates (Figure 6.22).
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Figure 6.16 Water droplet roll off tilt
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Figure 6.17 Water droplet contact angle hysteresis at roll off tilt
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Figure 6.18 Water droplet diameter at roll off tilt
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Figure 6.22 Contact angle hysteresis at roll-off tilt plotted as a function of roll-off tilt and substrate

used

Figure 6.22 presents contact angle hysteresis at roll-off tilt plotted as a function of roll-off
tilt and substrate used. The values presented are for Sapphire coating system. As can be seen
from the plot, water is the probe liquid with the lowest CAH value across all substrates but
does not exhibit low roll-off angle. The lowest roll-off was measured on the not roughened
stainless steel 304. LST 50 also exhibited roll-off on planar/smooth substrates, but as the
roughness increased it increased the CAH and caused a film forming behaviour. Meanwhile,
diiodo-methane displays highest CAH across all substrates. Its roll-off angle appears to be
one of the lowest, however it exhibited film formation due to the high CAH. A similar
behaviour was observed with LST 30 probe liquid. Similar behaviour was observed for other

coating systems, data is available in Appendix A.
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6.4. Summary

The objective of Chapter 6 is to understand the impact of surface micro-level roughness on
wettability/repellence. The roughness studied in this chapter was primarily obtained by
surface blasting with different size grit and blasting pressures. The immediate effect of grit
blasting is seen as changes in surface topography (Figure 6.5 and Figure 6.6). The roughness
parameter values obtained by Surfcom and Alicona are very similar. The grit blasted surface
gives roughness average values ranging from (Ra) of 1 ym to 4 ym with negative roughness
skewness (Rsk) which means that height distribution is skewed below the mean plane
(Figure 6.3). This was expected as the grit blasting was employed to introduce surface
roughness to the substrates. For the mirror finish stainless steel substrate the roughness
profile seems to be planar and roughness average parameter is in the range of 0.04-0.14 pm

as expected.

The effect of grit-blasting and surface treatment on repellence were studied by wettability
assessments. The static contact angles with 2uL droplets of water, diiodo-methane, LST 50,
LST 30, Xylene and Decane were measured. The increase in surface roughness from 0.01
Mm to 4 pm for the uncoated substrates results in a rise of static contact angles for probe
liquids. For liquids with lower SFE that are LST 30, Xylene and Decane the deposited probe
liquid gave contact angles below 10°. According to Wenzel the greater the deviation from
90° on a smooth surface, the greater will be the influence of introduced roughness. Thus, if
the contact angle is below 90°, the introduction of surface roughness is expected to decrease
the contact angle further, however the obtained values do not seem to follow this trend.

Introduction of roughness enhanced contact angle even though the starting contact angle was

below 90° for all liquids studied.

For the coated substrates, a similar effect was observed; increase in surface roughness
enhances repellence of all liquids except for Xylene and Decane. Comparing fluorinated
and un-fluorinated silane treatments, the coating containing fluorine exhibited higher contact
angles on both roughened and smooth surfaces for all liquids. This effect can be seen more
evidently for low SFE disperse liquids; Xylene and Decane. Even for the lowest liquid
surface tension liquid (23.8 mN/m) the contact angle is maintained at 47-54°. On the
polysiloxane based coating polar probe liquids (water, LST 50, LST 30) exhibit high contact

angle values but for disperse probe liquids (Diiodo-methane, Xylene, Decane) the same
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effect cannot be achieved and for Xylene and Decane even additional surface roughness does

not enhance contact angle values.

The SFE values were calculated for mirror finish, and grit 100 blasted stainless steels coated
with Sivo EC and Sharc Sapphire. The SFE for each substrate was calculated using Owens,
Wendt, Rabel and Kaelble (OWRK) method based on water and diiodo-methane contact
angle values. For all samples increase in roughness provided a decrease in SFE (Table 6-10).
Probe liquids do not penetrate in the roughness grooves of the substrate if the roughness
profile can maintain capillary pressure and create air pockets inside the grooves. This means
that the decrease in SFE values is not attributed to the actual change in SFE but to the

increase in contact angles based on which SFE is being calculated.

The dynamic contact angle assessment showed that the roughened substrates with micro
scale roughness exhibit high contact angle hysteresis, no roll-off or film formation for liquids
with low surface tensions. Water droplets remain pinned to the surface even at a tilt of 80 °
while diiodo-methane spreads on the surface and forms a film. As mentioned in Chapter 2,
super repellent surfaces that will eliminate pinning of droplets should have a minimal contact

angle hysteresis; less than 10°. Which in the case of grit blasted surfaces was not achieved.
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CHAPTER 7. NANO-SCALE ROUGHNESS

7.1. Introduction

The work reported in this Chapter 7 relates to the investigation into the effect of nano-scale
roughness on surface wettability and repellence for a variety of probe liquids. Nano-scale
roughness is introduced to the surface by silica nanoparticles deposition (Figure 7.1) while
low SFE is achieved by surface functionalisation of nanoparticles with silanes. As previously
reviewed in Chapter 2 and 3, smaller nano-pore/capillary diameters between neighbouring

particles inhibit liquid penetration and therefore enhance repellence.

Nano-pore/capillary

\ I, \ 'y [ vy
P T B ey BNy
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Figure 7.1 Silica nanoparticles deposited onto the substrate

7.2. Silica nanoparticles

Two types of silica nanoparticles (SNPs) were used in the study; synthesised by sol-gel
method (SMS35) and commercial fumed silica particles (Aerosil 200).

7.2.1.Stober silica nanoparticles

Previous work at TWI has established a reproducible methodology for synthesis of silica
nanoparticles via Stober method (Bourebrab et al., 2018; La Rosa, 2020). This method was
used within this project to obtain nanoparticles with a diameter of ~35 nm, these particles

are labelled as SMS35.

The silica particle synthesis by hydrolysis and condensation of alkoxysilanes was first
mentioned by Stober and Fink (1968). Producing SNPs via the Stober process is a very
attractive method as it allows synthesis of SNPs with very low impurity levels, small particle

size and narrow particle size distribution (Suratwala et al., 2003).

To synthesis SNPs via Stober method, the silane source TEOS was added to ethanol in the

presence of water and ammonia. The following reaction takes place in the process:
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Si(OC2Hs)4 + xH20 — Si(OC2Hs5)4—x(OH)x + xCoHsOH 7.1
= Si—OC;Hs + HO-Si = — = Si—0-Si = + C;H50H 7.2
= Si—OH + HO-Si = — =Si—0-Si =+ H,0 7.3

The reactions above provide an overview description of the hydrolysis and condensation
reactions that take place during the Stober synthesis method. The outline method used to

produce the SMS35 particles is shown in Figure 7.2.

Functionalised

SNPs in
ethanol

Figure 7.2 SNP synthesis process via sol-gel

The size (Z - average) and poly-dispersity index (Pdl) of the SMS35 suspensions were
measured using the dynamic light scattering (DLS) using the Zetasizer Nano S Malvern
Panalytical. The obtained results are presented in section 7.2.4. The methodology behind

DLS measurements is described in Chapter 4.

7.2.2.Aerosil 200®

The Aerosil® process produced silica (and other metal oxide) nanoparticles via a pyrogenic
route, these materials are often referred to as “fumed silica”. Typically, silicon tetrachloride
is passed through a flame at ~2500-3000°C, this oxidises the feedstock and generates
spherical silica nanoparticles of size 7-15nm in diameter. These dense particles aggregate

into complex secondary structures and have surface areas that are dictated by the primary
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particle size. The material used in this project had a specific surface area of ~200m?/g

according to the manufacturer.

7.2.3. Silica nanoparticle functionalisation

Zhuravlev (1993) described the surface chemistry of SNPs and concluded that the surface
hydroxyl density to be 4.6 OH/nm? and 4.9 OH/nm? calculated by the least-squares method
and the arithmetical mean, respectively. These values are widely recognised and quoted

(Mueller et al., 2003; Spyrogianni et al., 2017).

SNPs similarly to glass are inherently hydrophilic as the surfaces are dominated by hydroxyl
groups (Figure 7.3, Figure 7.4). As previously discussed in Chapter 5 surface hydroxyl
groups are the main bonding/adsorption sites for water and should be eliminated to decrease

wettability.
H\ H H\ /H H HH "
9/ o \c,n N

Figure 7.3 Glass surface with sites for water adsorption and glass surface functionalised with silanes
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Figure 7.4 SNP surface with sites for water adsorption and SNP surface functionalised with silanes

Both Stober and fumed SNPs were functionalised to eliminate surface hydroxy groups and
to increase their hygrophobicity. Two types of silane functionalisation agent were used, one
fluorinated and one non-fluorinated. The silanes used were hexamethyldisilazane (HMDZ-
CAS Number: 999-97-3) and 3,3,3- trifluoropropyltriethoxysilane (333 - CAS number 681-
97-0). Functionalisation using HMDZ was performed on both the Aerosil 200 and the
SMS35 whilst the functionalisation with fluorinated silane 333 was performed only on

Stober SNPs.
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HMDZ reacts with the surface hydroxyl groups to graft trimethylsilyl (TMS) groups on to
the surface. The replacement of polar, protic hydroxyls with low polarity, aprotic
trimethylsilyl ligands has a profound effect on the surface chemistry of silica and silicates
(Currell and Parsonage, 1981; Ettlinger, Ladwig and Weise, 2000; Frahn et al., 2001). The

surface is transformed from behaving in a hydrophilic manner to hydrophobic.

Functionalisation of SNPs with hexamethyldisilazane can be undertaken in the vapour phase
or in solution/suspension. Suratwala et al. (2003) reacted Stober silica with HMDZ in
solution/suspension and studied both reaction time as well as concentration on the level of
trimethylsilyl (TMS) functionalisation. The reaction time of 7 days together with excess
sylilating agent increased the amount of grafted TMS on the surface of the SNPs and
facilitated sufficient surface coverage. This methodology used by Suratwala was used as the

basis for the HMDZ treatment of the SMS35 material in suspension.

The approach to functionalisation is shown schematically in Figure 7.5.

Commercial
Stober fumed SNPs

method

Aerosil 200

Silane

Functionalisation
Functionalised Functionalised
SNPs Polysilazane fumed SNPs
matrix

Coating with
functionalised
SNPs

Coating with
functionalised
fumed SNPs

Incorporation
into matrix

Figure 7.5 SNPs and functionalisation used in Chapter 7

The single HMDZ functionalisation on the SMS35 functionalisation was performed at T4
level, where the T level is defined as:
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mass of silane (HMDZ)
mass of silica

T level =

The HMDZ was added to the SMS35 suspension (~4.4% solids in IMS) and the vessel was
sealed and heated at 65°C for 7 days to ensure a high TMS coverage. Excess silane was
required to accommodate the reaction between HMDZ and alcohol which is competitive
with the HMDZ-silanol reaction. After 7 days the solvent was exchanged for fresh IMS to

reduce the pH of the suspension.

The Aerosil 200 silica was functionalised by adding 5 grams of HMDZ to a suspension of 5
grams Aerosil 200 in 70 grams of butyl acetate. The suspension with added silane was shaken
for 48 hours. After which it was dried out for 72 hrs at 65 °C to remove all the solvent and

obtain functionalised SNP powder.

To undertake the functionalisation with the 3,3,3- trifluoropropyltriethoxysilane, a T level
0.125 was used in conjunction with ammonia as catalyst and the functionalisation was
performed at 65 °C for 18 hours. The role of the ammonia was to hydrolyse the alkoxy groups
on the silane and to promote condensation of these onto the silica surface. Ammonia could

not be used with HMDZ functionalisation since this silane does not possess alkoxy groups.

-

Figure 7.6 water drop wettability test; (a) un-functionalised Aerosil 200, (b) HMDZ functionalised
Aerosil 200

The dried fumed SNP powder was assessed for surface functionalisation with a simple water
drop wettability test. The droplet of water was deposited on the SNPs to assess if it would
wet their surface. As shown in Figure 7.6, the unfunctionalised powder is wetted easily while
the HMDZ functionalised one exhibits a very high contact angle suggesting that

functionalisation was successful.
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7.2.4. Dynamic Light Scattering

The average size and size distribution of the particles at every stage of the SMS35 fabrication

and functional process is presented in Table 7-1 and in Table 7-2.

Table 7-1 DLS data for un-functionalised SMS35

SNPs Solution Z-average (d. nm) | PdI
Un-functionalised Ethanol 47.54 0.159
SMS35

Table 7-2 DLS data for functionalised SMS35

SNPs Solution Z-average (d. nm) | PdI

HMDZ functionalised | Ethanol 44.18 0.111

SMS35 Ethanol after cleaning | 50.01 0.126
Butyl Acetate 31.33 0.264

It can be seen that the primary particle size of the SMS35 was 47.54 nm which is within the
specification for this material. The polydispersity index (PdI) value of 0.159 is also
considered acceptable and within the specification. Functionalisation with the HMDZ
caused an apparent decrease in the particle size but did not have a significant effect on the
particle size distribution as shown in figure 7.7b and in the measured PdI. This behaviour is

in line with previous experience with this material.

Due to the aggregated nature of the Aerosil 200, particle size analysis of the dispersed

material was not undertaken.
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Figure 7.7 DLS size distribution by intensity measurements; before functionalisation dispersed in
ethanol (a), after functionalisation dispersed in ethanol (b), after functionalisation and cleaning (c),

after functionalisation solvent swapped in butyl acetate (d)

7.3. Coating deposition via dip coating

The prepared coating formulations as well as the nanoparticle suspensions reported in this
chapter were deposited via dip coating method. Dip coating involves dipping a substrate in
a coating solution and then vertically lifting it with a specific velocity v,. This results in a
wet film with a thickness A. Dip coating is a simplistic method to deposit films but it involves
a complex interaction between several counteracting factors such as: viscous drag upward
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on the liquid by the substrate, gravitational force on the wet film, surface tension in the
meniscus between the substrate and the solution, surface tension gradient along the film
height caused by drying effect, the disjoining or conjoining pressure specifically in the films
with thickness less than 1pum and etc. (Brinker et al., 1992). The wet film thickness can be
estimated from the relationship by Landau and Levich (1942):

2
V)3
,1=0.94(1"—°)

%, Jr
Where A,y is the liquid surface tension at the meniscus, g is the gravitational acceleration
(9.81 m/s?) and n is viscosity. The advantage of the dip coating technique is that it is a
simple method and it can be used for coating of irregular and complex shapes. Drying
establishes the shape of the fluid profile, the deposition time as well as the magnitude of the
forces exerted on the solid phase. As can also be seen from the relationship the velocity or
rate of dipping plays an important part in the coating thickness and the thickness of the wet
film can be precisely controlled or tuned to obtain the desired thickness. The coating

protocols should be defined to tailor the deposition process to the specific application.

The dip coating routines used for the samples reported in this chapter were performed at a
range of dipping rates varying from 50 mm/min to 500 mm/min to establish the effect of
coating thickness on its wettability, roughness, and resistance to abrasion. After the

withdrawal of the slide, the wet film was dried by heating in air at 150°C for 1 hour.

7.4. Silica nanoparticle deposition without a matrix

To study the effect of SNP deposition on surface topography, WLI images were taken of
glass slides after dip-coating into a suspension of HMDZ functionalised SMS35 at a

deposition rate of 100 mm/min, these are shown in Figure 7.8.
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Figure 7.8 WLI image of glass without any treatment (left), glass slide with deposited HMDZ
functionalised SMS35 silica nanoparticles (right)

The deposited film increased the roughness average from 9 nm to 11 nm and the root mean
square deviation from 35 to 45 nm. To assess if SMS35 HMDZ film had been deposited as
a monolayer, the surface was scratched to remove the particles from the surface and expose

the substrate underneath, after which the WLI measurement was undertaken (Figure 7.9).
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Figure 7.9 WLI of SMS35 functionalised with HMDZ on a glass substrate; top view (a) and 3D side
view (b)

The measured region of the sample is presented in Figure 7.9. The roughness profile was
used to calculate the height difference between the coated region and the exposed glass
substrate. The height difference value obtained was 30 nm. From the DLS data it was
confirmed that the Z-average of functionalised SMS35 nanoparticles was 31 nm. The value
of just 30 nm obtained from WLI image suggests that the film consisted of nanoparticles

assembled as a monolayer.

AFM images were taken of the deposited HMDZ functionalised SMS35 on glass (Figure
7.10), from the phase image (Figure 7.10 a) single SNPs can be identified. The roughness

profile (Figure 7 10 c) was obtained for the selected nanoparticle presented in Figure 7.10 b
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and its diameter was measured to be approximately 38 nm. The diameter of the deposited
SNPs obtained by AFM correlates well with the DLS and WLI data. It can also be seen that
the nanoparticle deposit in a film forming fashion. This effect can also be observed from the

structural colour of the thin film formed by SNPs (Figure 7.11).

Tapping Phase

Figure 7.11 Structural colour of deposited SNPs film (SMS 35 functionalised with HMDZ)
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7.5. Silica nanoparticle incorporation into the matrix

7.5.1.Nanocomposite coating preparation

The functionalised silica suspensions; SMS35 HMDZ, SMS35 333 and Aerosil 200 HMDZ
were all dried out via evaporation to remove all volatile materials. The dried materials were
then dispersed into fresh butyl acetate at a nominal loading to match the NVC value of the
polysilazane coating solution (Sharc Sapphire®). The relative amounts of the functionalised
SNP suspensions and polysilazane coating solution were adjusted to give the required

loading of the functionalised SNP. This is shown schematically in Figure 7.12.
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Figure 7.12 Fumed silica functionalisation and incorporation into the matrix process

7.5.2.Matrix for silica nanoparticles

The polysilazane coating Sharc Sapphire® was selected as a matrix for the functionalised

SNPs.

For the SMS35 SNPs two levels of particle loading in the matrix were investigated 1:1 ratio
(matrix: SNP ratio - 50% loading) and 1:3 ratio (75% loading). The functionalised Aerosil
200 functionalised SNP powder was incorporated into the matrix at 1:1 matrix to SNP ratio

(50% loading).
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The non-volatile content (NVC) is a measure of the amount of a non-volatile/solid contained
in a solvent solution/suspension (ASTM D1644-01, 2017). The NVC of coating matrix was
analysed by drying the aliquot of the material in an oven at 65°C for 18 hours. The NVC

value was calculated as a percentage:

NVC (%) mass of non — volatile material 100
= X
0 mass of the solution

The NVC of Sharc Sapphire coating was calculated to be 14.63% (£ 0.32), the measure is
based on 3 samples. The dried SNPs were therefore re-dispersed in butyl acetate at a nominal
15% to match the non-volatile (solid) content of the Sharc Sapphire coating which consists

of polysilazane (solids) in butyl acetate (BA).

Deposition of the functionalised coating formulations was via dip coating as described
earlier (section 7.3). The coated samples were dried and cured at 150°C for 1 hour in an air

atmosphere.

7.5.3.White Light Interferometry

The surface roughness of matrix (Sapphire) and matrix modified with SNPs was studied
using WLI. The WLI assessment was undertaken to confirm that the incorporation of SNPs
into the coating matrix does not give rise to a levelling effect, that the SNPs are well
distributed and provide nano-scale topography to the surface. Figure 7.13 shows the WLI
images of the 2B stainless steel substrate uncoated, coated with the parent polysilazane and
with SMS 35HMDZ modified polysilazane. Images of the coating and the coating edge were

taken as was the modified coating on glass for comparison.
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Figure 7.13 White Light Interferometry images of a. glass, b. Stainless steel, c. stainless steel coated
with Sapphire d. edge of Sapphire coating and stainless steel, e. edge of Sapphire coating on glass
with incorporated functionalised SNPs (75% loading) deposited by dip coating, f. Sapphire coating
on glass with incorporated functionalised SNPs (75% loading) deposited by dip coating g, aerosil
200 deposited on glass
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The measured roughness of stainless steel on its own was 33.62 nm and Rq is 45.9 nm. The
deposition of the parent polysilazane coating does not change the surface topography
significantly, the roughness average measured on stainless steel with polysilazane coating is

38 nm and Rq 55 nm.

Figure 7.13 (d) shows the edge of parent polysilazane coating with the stainless steel
substrate. A similar image is presented in Figure 7.13 (e) for modified polysilazane (SMS
35 HMDZ at 75% loading level) coating deposited via the dip-coating method on glass. For
the modified coating perpendicularly, oriented stripes with SNPs can be observed. However,
the stripes seem to appear at the edge with the glass and disappear where the coating reaches
a constant thickness as seen in Figure 7.13 (f). When the coating film reaches its constant
thickness, the particles appear well distributed in the coating. The modified polysilazane
coating with SMS 35 HMDZ T4 functionalised SNPs at 75% loading level has a significant
effect on the surface roughness. The roughness average of untreated glass is 9 nm while the
glass coated with modified polysilazane coating has the roughness average value of 85 nm.
The roughness value demonstrates that the SMS35 HMDZ particles at 75% loading
increased the roughness of the polysilazane coating. Furthermore, at this loading level the
matrix did not give rise to a levelling effect and so the use of the functionalised SNPs enabled
the achievement of nano-topography. A similar effect was observed with commercial SNPs.
Glass deposited with polysilazane coating modified with Aerosil 200 (HMDZ functionalised
and incorporated at 50% solid loading level) increased the surface roughness of glass to 176
nm. This suggests that Aerosil 200 modified coating provides rougher nano-scale
topography compared to SMS 35. The roughness average for commercial SNPs is more than

double the value of that of SMS 35.

7.5.4.Atomic force microscopy

The atomic force microscopy images, at different resolutions, of the SNPs incorporated in
the matrix were obtained using the tapping mode. The methodology used for AFM
measurement is described in Chapter 4. The images shown in Figures 7.14 — 7.18 clearly
show the SMS 35 HMDZ functionalised silica particles uniformly distributed in the
polysilazane matrix. Even at high resolution, image area of 400 x 400nm there is no evidence

of clustering or aggregation of the HMDZ functionalised SMS 35 silica nanoparticles.
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330.3 nm

92.7 nm

Figure 7.14 AFM topography images (400 nm area) of Sapphire with incorporated SMS 35 HMDZ
T4 functionalised at 50% loading level deposited at a dipping rate of 10 mm/min on glass.

4743 nm

-45.8 nm

Figure 7.15 AFM topography image (1 um area) of Sapphire coatings incorporated with SMS 35
HMDZ T4 functionalised at 50% loading level deposited at a dipping rate of 10 mm/min on glass
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-217.5 nm

10 um

Figure 7.16 AFM topography image (10um area) of Sapphire with incorporated SMS 35 HMDZ T4
functionalised at 50% loading level deposited at a dipping rate of 10 mm/min on glass

474.2 nm

Figure 7.17 AFM topography image showing the edge of the modified coating (Sapphire with SMS
35 HMDZ T4 functionalised at 50% loading level) on glass

The AFM image in Figure 7.14 provides the roughness profile of the SNPs deposited on
glass. From the obtained roughness profile the diameter of the single nanoparticle was
measured to be 48 nm. Figure 7.17 shows the 80 um area of the coating edge with glass
topography generated by AFM in a tapping mode. The roughness average of glass (white
square area in the AFM image) is 30.1 nm whilst the same parameter has a value of 56.2 nm
in the coated area (yellow square area in the AFM image). This supports the findings of the
WLI analysis showing that the presence of the nanoparticles introduces nanoscale roughness
into the coating. The AFM study also supports the WLI finding that the SNPs are well

distributed in the coating matrix.
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7.6. Visual appearance

7.6.1. Effect of deposition rate

The effect of deposition rate on the visual appearance was studied using gloss meter. The
methodology used is described in Chapter 4. The values obtained are presented in Table 7-3.
There was no significant change observed in gloss or haze. The measured values seem to be
independent of the deposition rate for SNPs F333 T0.125 75% sapphire deposited on

stainless steel.

Table 7-3 Effect of deposition rate on visual appearance

Coating SNPs F333 T0.125 75 % sapphire deposited on
stainless steel

Deposition rate 10.0 mm/m 100.0 mm/min | 500.0 mm/min
Gloss 94.4(£4.4) 99.8(+3.0) 97.1 (+3.5)
Rspec 52.5(£2.6) 61.6(+£59) 437 (+£5.9)
Haze 18.0 (£0.5) 23.1(+1.6) 204 (+£1.0)
DOI 81.8(£0.3) 84.4(+1.0) 70.9 (£5.2)
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7.7. Wettability tests

7.7.1. Incorporation of silica nanoparticles into the matrix

Wettability studies were performed using the DSA 100, the methodology used to determine

wetting and to estimate the SFE of the specimens is described in Chapter 4.

Stainless steel samples with a 2B finish were dip-coated with the parent Sapphire coating
solution the SMS 35 F333 suspension (no matrix) or the modified Sapphire coating
containing the SMS 35 F333 nanoparticles at either 50% or 75% loading. All samples were
dip coated at a rate of 100 mm/min and cured at 150 °C in the oven. After which the contact
angles with water and diiodo-methane were measured, these values are given in Table 7-4

and the data is presented in Figure 7.18.
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Figure 7.18 Wettability study before and after incorporation of SNPs
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Table 7-4 WCA and DCA of coating matrix, SNPs, and matrix with SNPs

Sample WCA (°) DCA (°)
Stainless steel 2B finish 86.8 (£1.3) 50.4 (£1.6)
Sapphire on stainless steel 2B finish 1026 (£1.4) |795(£1.9)
SMS35 333 T 0.125 without Matrix 1042 (£2.7) |673(£34)
SMS35 333 T 0.125 50% loading with Sapphire 127.5(£3.6) |88.4(+4.5)
SMS35 333 T 0.125 75% loading with Sapphire 127.7(+1.4) |100.0(=£0.3)

The parent Sapphire and functionalised SNPs (no matrix) give water contact angles values
of approximately 100°. The sessile drop values for diiodo-methane ranged from 67° to 80°.
There is an uplift in contact angles compared to the untreated stainless steel with 2B finish.
However, the contact angles are lower compared to the modified coatings. This is likely to
be due to the lack of a matrix which means the particles can be displaced, particularly by a
dense liquid such as diiodo-methane. The incorporation of the functionalised SNPs into the
Sapphire coating at 50% loading level elevated both contact angles to values of 128° and 88°
for water and diiodo-methane respectively. Increased loading level maintained the water

repellence at ~128° whilst the diiodo-methane contact angle increased to 100°.

The synergistic effect of the particles in the matrix is clear, a significant increase in
repellence to both probe liquids was observed. However, whilst the increase in the repellence
of diiodo-methane increased with loading from 50% to 75%, the hydrophobicity appeared
to have plateaued for this type of additive.

Similar measurements were undertaken on the three different SNPs (HMDZ functionalised
Aerosil 200, HMDZ functionalised SMS 35, and F333 functionalised SMS35) incorporated
at different loading levels (50% and 75%) in the Sapphire polysilazane.

Table 7-5, Figure 7.19 and Figure 7.20 present the water and diiodo-methane contact angle
values for silica nanoparticles incorporated into the Sapphire coating at 50% and 75% solid
loading levels. The modified coatings were deposited on glass and stainless steel substrates
(2B finish). There was no significant difference observed in contact angles between the
coated glass and stainless-steel substrates. This indicates that these coatings provide
effective coverage of both substrates and that the measured behaviour is independent of the
substrate. Whilst this is perhaps no surprise, it is useful confirmation of this fact given that

this was not the case for some of the silane-based coatings reported in chapter 5.
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For the functionalised SMS 35 additives, increasing the loading level did not significantly
increase the contact angle with water. This is likely to be due to some limit being achieved
with regard to the surface chemistry and all samples showing similar roughness types and/or
values. However, an increase was observed for the diiodo-methane probe liquid for the
fluorinated additive on both substrates. The increase in DCA values can be attributed to the
increased fluorine content in the coating that makes the surface more oleophobic (as

described and observed in Chapter 5) but does not significantly affect hydrophobicity.

What was particularly notable, was the much higher repellence to both water and diiodo-
methane exhibited by the coatings containing the functionalised Aerosil. Given the similar
surface chemistry (trimethylsilyl functionality) this difference is most likely to be due to
either different roughness levels or potential differences in the coverage of the functional
groups on the silica. The WLI assessment showed that coating modified with Aerosil 200
HMDZ has the surface roughness average of 176 nm while for SMS 35 HMDZ additive this

value is only 86 nm.

Table 7-5 Contact angle values for 50% and 75% particle loading levels

Deposition Parti'cle Probe Substrates

Particles rate ioad;r‘lg liquids . CA (°) on
mm/min ri:;rilf ©) CA (°) on glass stainless steel
Aerosil 200 50% WCA | 1453(+£0.7) | 1458 (=£0.1)
HMDZ T4 50% DCA 106.9 (£1.8) | 108.8 (£7.8)
50% WCA | 1246(+1.1) | 132.0(=£0.7)
SMS 35 HMDZ 50% DCA 774 (£1.2) 77.7(+2.8)
T4 75% WCA | 1274(+£1.5) | 1283(£1.4)
100 75% DCA 79.3(£2.1) 81.2(+0.4)
50% WCA | 129.6(+£1.1) | 127.5(£3.6)
SMS 35 333 50% DCA 77.9 (£1.6) 88.4(+4.5)
T0.125 75% WCA | 1309 (+3.3) | 127.7(£1.4)
75% DCA 92.6 (£7.1) 100.0 (£0.3)
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Figure 7.19 Water and diiodo-methane contact angle values for 50% and 75% loading levels

deposited on glass
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Figure 7.20 Water and diiodo-methane contact angle values for 50% and 75% loading levels

deposited on stainless steel

7.7.2. Effect of deposition rate

The deposition rate determines the thickness of the final coating. The deposition rates of 10,
100 and 500 mm/min were used to study the effect of coating thickness on wettability. As
can be seen in Table 7-6 the wettability for water does not change with deposition rate for
both glass and stainless steel substrates. Similarly, the DCA values show little variability
except for the coating deposited onto glass at 100mm/min. Given that no impact of the
substrate was observed on these or the other modified polysilazane coatings, and the narrow

distribution of DCA values for the other dip coating rates, this data point is viewed as an

outlier.
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Table 7-6 deposition rates and associated wettability data

SNPs F333 T0.125 at 50% with Sapphire
Deposition rate | Contact angle substrates
Glass Stainless steel 2B

10mm/min WCA 126.4 (£2.7) | 129.6 (£0.6)

DCA 91.6 (£2.5) 93.1(+4.3)
100mm/min WCA 129.6 (£1.1) | 127.5(£3.6)

DCA 77.9 (£1.6) 88.4(+4.5)
500mm/min WCA 1303 (£1) 127 (£ 1.4)

DCA 95.1(£1.6) 88.9 (+£4.7)

7.7.3. Effect of nano-scale and dual-scale roughness

The Sapphire polysilazane coatings incorporated with functionalised SNPs were deposited
on grit blasted stainless steel substrates to create a dual-scale topography combining both the
micro-scale topography (as described in Chapter 6) and the nano-scale topography described
in this chapter. The SNPs used in this dual scale roughness study were the SMS 35 HMDZ
functionalised silicas and were incorporated at 50 % solid loading level. The substrates were
dip coated at 100 mm/min rate, to provide comparative data planar glass and stainless steel
304 (2B finish) were used, whilst grit blasted stainless steel panels were prepared as
described in Chapter 4. The usual curing regime of 1 hour at 150° C was used after which
the wettability was studied with water and diiodo-methane as the probe liquids. The

measured contact angles are presented in Figure 7.22, Figure 7.23 and Table 7-7.

The grit blasting of stainless steel elevated the water contact angles on grit 100 and grit 20
while other blasted surfaces showed an increase in wetting. For the diiodo-methane the
increase was observed with grit 100 and grit 36. On the coated substrates the water contact
angle increased consistently with the increase in the substrate’s micro-scale roughness until
Grit 36 which exhibited a water contact angle of 154°. The surface with greater micro-
roughness, prepared by blasting with grit of size 20, showed a slight reduction in the water
contact angle which was measured at 132°. The diiodo-methane showed a similar trend with
an increase in contact angle value with increasing micro-scale until the surface prepared with
grit 60. Further increases in micro-roughness led to a reduction in the DCA. This behaviour
is likely to be due to some key topographic thresholds being passed, each threshold being
dictated by the specific characteristics of the probe liquids.
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The overall impact of the use of dual-scale roughness on water repellence was immense.
Figure 7.21 shows the stainless steel slide blasted with grit 100. Half of the slide was coated
with the modified coating while the other half was left without any chemical treatment to
enhance repellence. The uncoated side showing super hydrophilic behaviour whilst the

coated side exhibiting behaviour close to superhydrophobic.

Figure 7.21 The droplets of water on S§304 blasted with grit 100. The Sapphire coating incorporated
with SMS 35 HMDZ SNPs loaded 50 % (left) and no-coating (right)
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Figure 7.22 WCA for SMS 35 HMDZ T4 at 50% loading in Sapphire
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Figure 7.23 DCA for SMS 35 HMDZ T4 at 50% loading in Sapphire

Table 7-7 WCA and DCA for steel substrates with different surface finishes with and without the
Sapphire coating containing the SMS 35 HMDZ SNPs at 50% loading

Particle loading | Matrix Stainless Ra (um) of | WCA | DCA
level steel surface | the substrate
finish

SNPs 50 % | Sapphire | 2B 0.14 £0.01 132.0 77.7
HMDZ T4 (=0.7) | (£2.8)
SNPs 50 % | Sapphire | Grit 240 1.19+0.06 132.7 91.9
HMDZ T4 (x2.2) [(£4.7)
SNPs 50 % | Sapphire | Grit 220 1.34 £ 0.06 141 87.4
HMDZ T4 (£3.7) [ (£1.4)
SNPs 50 % | Sapphire | Grit 100 1.34 £0.05 142.5 95.1
HMDZ T4 (£0.6) | (£5.1)
SNPs 50 % | Sapphire | Grit 60 1.71+0.14 142.3 99.0
HMDZ T4 (£2.0) [(£3.2)
SNPs 50 % | Sapphire | Grit 36 291+0.39 154.4 94.5
HMDZ T4 (x0.1) [(£3.0)
SNPs 50 % | Sapphire | Grit 20 2.34+0.04 131.9 89.1
HMDZ T4 (=0.1) [(£7.1)
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7.7.3.1. Dynamic contact angles

The dynamic contact angle measurements were undertaken on the samples to determine their
roll-off angle and contact angle hysteresis at roll-off. Figure 7.24 presents the contact angle
hysteresis at roll-off for water droplets. From the plot it can be seen that the loading level of
SNPs in the coating system does not notably affect roll-off or contact angle hysteresis.
However, it can be seen that the both roll-off and CAH are very significantly affected by the
substrate’s roughness. The increased micro-scale roughness of the substrate reduced CAH
from 25 ° to below 10 © and the roll-off tilt from 80 ° (no droplet roll-off) to below 10°. The
findings in Chapter 6 showed that micro-scale roughness does not lead to low contact angle
hysteresis or the roll off angle. The nano-scale roughness presented in this chapter also shows
very high contact angle hysteresis and roll off tilt. However, by the specific combination of
both micro and nano-scale roughness the low CAH and roll-off angles are achievable as
presented in Figure 7.24. This suggests that the dual-scale topography is important to satisfy

super repellence with water.
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Figure 7.24 Water CAH at roll off angle as a function of roll off tilt

The similar graph to Figure 7.24 was plotted for diiodo-methane probe liquid in Figure 7.25.
For all the samples studied the diiodo-methane probe liquid showed the film-formatting
behaviour instead of rolling-off. This can be observed from the very high CAH of 60-80°.
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The roll-off angle is in the range of 15-30°. However, it is not the true roll-off as the probe
liquid left a mark/film after itself when rolling-off. In case of diiodo-methane the increase in
the substrate’s roughness did not influence roll-off, CAH or film forming behaviour. The
water and diiodo-methane probe liquids show completely different wetting/repellence
behaviour on the same substrates. The difference lies in the probe liquid properties. Water is
polar and has significantly higher surface tension which allows it to bead up and roll-off the
surface more freely. The diiodo-methane on the other hand is non-polar and has lower
surface tension. As presented in Chapter 2, the surface tension of liquid has an influence on
its penetration into the capillary/tube. The liquid penetration is also highly affected by the
surface chemistry of the contacting solid (surface of the capillary). The behaviour of diiodo-
methane on the surface suggests that the essential topographic thresholds are passed for its

surface tension which causes its increased wettability.
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Figure 7.25 Diiodo-methane contact angle hysteresis at roll off tilt as a function of roll off tilt

7.7.4. Assessment with LST probe liquids

Further wettability assessment with LST liquids was undertaken on both types of SNP with
HMDZ functionalisation. From the obtained data, it can be seen that the high static contact
angle with water does not guarantee the highest repellence with low surface tension polar

liquids. The highest contact angle for the LST 50 probe liquid was a value of 132° and was
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measured on the SMS 35 HMDZ incorporated at 50% in the Sapphire coating which was
deposited on SS304 blasted with grit 100. While the DCA on the same surface was 95 °. As
the total surface tension value for both diiodo-methane and LST50 is similar, it would be
expected for them to exhibit the similar contact angles unless there is a difference in polarity
of the surface or probe liquid. From the obtained values the higher contact angle is observed
with LST 50, the polar liquid which suggests that surface has higher level of hydrophobicity
than lipophobicity. Blending LST probe liquids at various surface tensions provide insights
into the wettability of the surface at the specific surface tension of the probe liquid. Their
contact angles can also be used for comparison with non-polar liquids to get insights into the
hydrophobic/oleophobic behaviour of the surface treatments. In terms of LST 30 the best
performing coating giving the value of 61° was SNPs HMDZ T4 50% solid loading level in
sapphire deposited on SS 304. The higher loading level of SNPs does not seem to enhance
the CA with LST liquids.
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Particle Loading level Substrate Deposition rate WCA (°) DCA (°) LST 50 (°) LST 30 (°)
(mm/min)
Aerosil 200 HMDZ 50 % Glass 100 1453 (£0.7) | 106.9 (£ 1.8) | 120.5(£6.9) | 19.1 (£0.6)
Aerosil 200 HMDZ 50 % 2B 100 145.8 (£0.1) | 108.8(*=7.8) | 1183 (£4.0) | 56.7(x1.4)
SMS 35 HMDZ 50 % Stainless steel 100 132.0(£0.7) | 77.7(*£2.8) 116.4 (£4.3) | 61.0(£2.5)
SMS 35 HMDZ 50 % Grit 100 100 142.5(£0.6) | 95.1(%5.1) 131.7(£0.3) | 57.2(£1.2)
SMS 35 HMDZ 75 % Glass 100 1274 (£ 1.5) | 79.3(%2.1) 105.8 (£ 1.7) | 45.8(£6.1)
SMS 35 HMDZ 75 % Stainless steel 100 1283 (+1.4) | 81.2(%0.4) 105.7 (£4.9) | 56.4(£0.7)
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7.8. Abrasion resistance

The abrasion resistance of the modified coatings was assessed by 50 cycles of wire-wool
abrasion testing. After which the wettability and visual appearance of the coatings was
measured. The methodology used is described in Chapter 4. The substrates used in this study
were stainless steel 304 panels to which sapphire coatings incorporated with SNPs F333
T0.125 at 50 % and 75 % solid loading level were applied. The coatings were applied at the
deposition rates of 10, 100 and 500 mm/min. The visual appearance assessed with gloss
meter was performed on coatings deposited at 100 mm/min rate. The wettability data is

presented in Table 7-9 and visual appearance data in Table 7-10.

The water and diiodo-methane contact angles in all cases after 50 cycles of abrasion
decreased, apart from the coating deposited on SS304 blasted with grit 100. On Grit 100,
further abrasion with wire-wool increased the diiodo-methane contact angles, the water
contact angle increased for the coating with 75% loading level of nanoparticles. This
increase in wettability could be explained by increase in the roughness. Comparing the
coatings deposited on SS304 2B, the coating with 75% loading maintained the WCA above
110° and DCA above 79° while for 50% loading the values were above 105° for water and
71° for diiodo-methane. In terms of visual appearance, Sapphire without any coating after
abrasion showed increase in gloss from 81 to 117, which could be attributed to the removal
of the coating and the polishing effect. For the modified coatings, abrasion decreased the
gloss from 95 to 75 for 75% loading level and from 87 to 49 for 50% loading level. The
Haze showed increase in value to 21 for both coating systems. The abrasion also has an
effect of distinctiveness of the image (DOI) value which is another characterisation of the
coating/surface related to the reflectance of light from the surface. It is used to define how
reflected light is scattered, the increase in scatter causes the distinctiveness of the image to

decrease, in other words makes the image blurrier.
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Particles Substrate Deposition rate (mm/min) | Probe liquid 50 % particle loading 75 % particle loading in Sapphire
Before abrasion ‘ After abrasion | Before abrasion ‘ After abrasion
Contact angles (°)

SNPs F333 T0.125 | Stainless steel 10 Water 123.8(£3.1) | 106.4(£1.3)| 1292(£1.3) | 113.3(£0.6)
10 Diiodo-methane | 91.5(+2.6) | 76.3(£1.5) 933(+5.2) 78.8(+0.4)

100 Water 123.1(+4.4) | 1054 (+£08) | 124.1(£2.0) | 1147(£3.7)

100 Diiodo-methane | 87.1 (+4.1) | 76.8(£3.3) 93.7(x1.4) 81.2(£5.7)

500 Water 1259 (+2.2) | 1063 (x1.4)| 127.0(*£2.1) | 1164 (£1.7)

500 Diiodo-methane | 87.4(+£0.4) 70.5(£6.1) 95.5(£1.2) 81.7(+1.7)

SNPs F333 T0.125 Grit 100 100 Water 137.6 (£1.9) | 1341 (£28)| 131.9(*=1.8) | 1364 (£6.8)
100 Diiodo-methane | 97.3 (+2.6) | 103.6(+1.9)| 96.3(%£4.0) 114.1 (+£3.3)

Table 7-10 Visual appearance after abrasion test
Parameter | Stainless steel | Sapphire after 50 cycles | SNPs ~ F333  75% | After 50 cycles SNPs F333 50% Sapphire | After
304 2B finish Sapphire 100mm/m 100mm/m 50 cycles

WCA (°) | 86.8(+1.3) 1026 (+1.4)|856(+2.1) |124.1(£2.0) 1147 (£3.7) 123.1(+4.4) 1054 (+0.8)
DCA(°) |504(%1.6) 79.5(£19) |515(+33) [93.7(+£14) 81.2(£5.7) 87.1(+4.1) 76.8(£3.3)
Gloss 138.6 (£0.7) |80.8(£3.7) |1174(£3.3)|953(£6.0) 74.7 (£8.7) 87.3(%+6.5) 494 (+1.6)
Haze 26.7(£0.0) 205(£29) [267(+£3.0) [193(£0.8) 20.5(£1.0) 17.2(£0.3) 20.6 (+0.3)
DOI 82.9(+0.1) 73.3(x74) | 743(+22) |83.5(£57) 74.7(+£4.6) 789 (+£4.2) 60.4(£58)
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7.9. Discussion

The work reported in this chapter related to the investigation of the effect of nano-scale
roughness on surface wettability and repellence for a variety of probe liquids. Nano-scale
roughness was introduced to the surface by the presence of silica nanoparticles, while low
SFE was achieved by the surface functionalisation of these nanoparticles with silanes. As
previously reviewed in Chapter 2 and 3, small diameter nano-pores/capillaries between the
neighbouring particles should reduce liquid penetration and therefore enhance repellence.
Two types of silica nanoparticles (SNPs) were used in the study; those synthesised by a sol-
gel method and commercial fumed silica particles (Aerosil 200). The obtained particles were
functionalised with fluorinated and non-fluorinated silanes; 333 and HMDZ. The DLS as
well as WLI and AFM studies confirmed the diameter of the sol-gel synthesised
nanoparticles to be in the range of 40-50 nm. It was shown that the nanoparticles could be
used to obtain repellence via a bottom-up approach. When substrates are dip coated into the
SNP suspension, the SNPs form a film that builds up the nano-roughness on the substrate
while the surface functionalities on the SNPs provide low SFE. This combination gave the
static CA of 104° for water and 67° for diiodo-methane on a glass substrate. However, the
deposited nanoparticles without a matrix to hold the self-assembled nanoparticles together
was not durable. The droplets would remain pinned to the surface and the diiodo-methane
displayed film forming behaviour. To maintain repellence and increase durability, the
obtained functionalised nanoparticles were incorporated into the commercial polysilazane
coating Sharc Sapphire. Assessment with WLI confirmed that the modified coating has
nano-scale roughness, and the coating does not cause the levelling of the nano-particles. Two
loading levels were studied in this chapter: 50 % and 75 % solid loading. The incorporation
of the functionalised SNPs into the Sapphire coating at 50% loading level elevated static
contact angles to values of 128° (water) and 88° (diiodo-methane) respectively. Increasing
the loading level to 75% did not change the repellence with water (128°) but did increase the

repellence to diiodo-methane to 100°

The influence of the dip-coating deposition rate on wettability and visual appearance (haze,
gloss) was examined. The three rates examined, 50, 100 and 500 mm/min were found not
to have a significant impact on wettability, visual appearance or even resistance to abrasion

of the coatings.
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As mentioned, the increase in SNP loading level in the coating did not significantly increase
the WCA but did increase the DCA when the SNPs had been subject to functionalisation
with a fluoroalkyl containing silane (F333). For the F333 functionalised SNPs the DCA
increased from 78° (at 50% loading) to 93° (at 75% loading). In terms of the HMDZ
functionalisation the values were in the range of 77-79°. The increase in DCA values can be
attributed to increased fluorine content in the coating that makes the surface more oleophobic

(as described and observed in Chapter 5) but does not significantly affect hydrophobicity.

The abrasion resistance of the modified coatings was assessed by 50 cycles of wire-wool
abrasion testing. After which the wettability and visual appearance of the coatings was
measured. The water and diiodo-methane contact angles in all cases after 50 cycles of
abrasion decreased, apart from the coating deposited on SS304 blasted with grit 100. On Grit
100, the further abrasion with wire-wool increased the diiodo-methane contact angles, the
water contact angle increased for the coating with 75% loading level of nanoparticles. This

increase in wettability could be explained by an increase in the roughness.

The modified coatings were deposited on grit blasted stainless steel substrates to create a
dual scale topography that combines both the micro-scale topography (reported in Chapter
6) and the nano-scale topography studied in this chapter. The SNPs used in this dual-scale
roughness study were functionalised with HMDZ and incorporated at 50% solid loading
level into the Sapphire coating. On the coated substrates the water contact angle increased
consistently with increase in the substrate’s micro-scale roughness until grit 36 where the
WCA of 154° was achieved. The surface with greater micro-roughness, prepared by blasting
with grit of size 20, showed a slight reduction in the water contact angle which was measured
at 132°. The diiodo-methane showed a similar trend with an increase in contact angle value
with increasing micro-scale until the surface prepared with grit 60 where its contact angle
reached 99°. Further increases in micro-roughness led to a reduction in the DCA. This
behaviour is likely to be due to some key topographic thresholds being passed, each
threshold being dictated by the specific characteristics of the probe liquids.

In terms of the CAH at roll-off and the roll-off tilt, the loading level of SNPs in the coating
system did not have an influence. However, both roll-off and CAH are affected by the
substrate’s roughness in combination with the nano-scaled roughness. The increased micro-
scale roughness of the substrate reduced CAH from 25 ° to below 10 ° and the roll-off tilt
from 80 ° (no droplet roll-off) to below 10°. The results in this study show that the high

contact angle with the probe liquid does not guarantee the abhesive behaviour. It is important
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to study the roll-off angles to confirm the repellent behaviour to specific liquids. The nano-
scale topography studied in this chapter provided high static contact angles with probe
liquids as well as high contact angle hysteresis and high roll-off angles/or no roll-off. The
micro-scale topography studied in Chapter 6 provided similar results. However, the
combination of both of these nano and micro-scale topographies provided high contact
angles, low contact angle hysteresis and low roll-off tilts for water. This specific dual scale
topography does satisfy the criteria for super repellence with water. However, this same
combination of surface characteristics does not satisfy the probe liquids with lower surface
tensions and different surface tension components (polar part/disperse part). Changing the
micro and nano-scale topography as well as surface chemistry exhibits the range of wetting
behaviours with various probe liquids. These behaviours provide design rules to achieving
the omniphobicity. Whilst the clear critical parameters to achieving it are still unclear, this
work sheds light on the parameters that have to be considered and the methods to elucidate

them.
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CHAPTER 8. METHODOLOGY FOR COMPARATIVE
ASSESSMENT

8.1. Introduction

Selecting the correct surface chemistry and surface roughness for the utmost abhesive
behaviour requires a variety of factors to be taken into account. This chapter introduces a
new approach for the assessment of the repellence behaviour of coatings and surfaces. The
methodology presented in this chapter helps to classify coatings and surface roughness
characteristics according to their ability to repel various liquid not only in terms of static
contact angles, but also in terms of contact angle hysteresis and roll-off tilt. The aim is to
provide a plot of wettability data that enables the effective and comprehensive comparison

of different surface chemistries and topographies to a range of probe liquids.

8.2. Assessment criteria

To provide a meaningful plot, the spider, or radar, diagram was selected as it allows for a
range of experimental data points to be presented in a single graph. In the spider diagram
each axis represents a different variable. The properties presented on each axis are: static
contact angle (CA); contact angle hysteresis (CAH); the roll-off tilt angle (ROT) and the
diameter of the droplet at roll-off (D). The probe liquids used were water (W), diiodo-
methane (D), ethanol/water mix with a surface tension of 50mN/m (LST 50) and

ethanol/water mix with a surface tension 30mN/m (LST 30).

Figure 8.1 presents the schematic spider diagram proposed in this study. Further explanation

and information on the metrics used can be found in Table 8-1.
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Figure 8.1 Spider diagram proposed for assessment

The spider diagram is split into four quarters: first quarter representing repellence to water,

second to diiodo-methane, the third to LST 50 and the fourth to LST 30. This segmentation

allows for easy comparison of wettability by different liquids. To normalise the parameters

and allow for ready comparison of performance each parameter was given a score/value

from 1 to 10; 1 being the poorest (least repellence) performance while 10 being the best

(most repellence) performance. The score system and definition of each score/point is

presented in Table 8-1.
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Table 8-1 Spider diagram metrices and scoring system

Spider Static Contact Roll-off tilt Diameter
diagram contact angle angle (ROT) at roll-off (D)
value (CA) hysteresis
(CAH) at
roll-off
1 0 to 40 >81 80 >231
2 41 to 50 71 to 80 71 to 79 211 -230
3 51to 60 61to 70 61to 70 201-210
4 61 to 70 51 to 60 51 to 60 191-200
5 71 to 80 41 to 50 41 to 50 181-190
6 81 to 90 31t040 31t040 171-180
7 91 to 100 21 to 30 21 to 30 161-170
8 101 to 110 11 to 20 11 to 20 151- 160
9 111to 119 6to 10 6to 10 141-150
10 >120 0to5 0to5 <140

The high static contact angles (above 120°), low contact angle hysteresis and low roll-off
angles (up to 5°) are given a score of 10. The diameter of the droplet at roll-off was also
assessed. Assessing the diameter provides an understanding as to whether the droplet is
spreading out/wetting the surface during the roll off. The droplets were photographed and
their diameters was measured in pixels to normalise the values and account for the
magnification differences between measurements (if any as the same magnification factor
was used across all the measurements). The best performing coating/surface would score 10
points on each radii and therefore occupy the largest area while the worst performing one

would score less points and occupy a smaller area on the diagram.
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8.3. Assessment of surface chemistries

The proposed assessment methodology was used to assess the repellence of the commercial
coatings discussed in Chapter 5. The five selected coatings (Sapphire, Sivo EC, Aculon 353,
Tutoprom and Avalon glass) were deposited onto mirror finished stainless steel 304 and the
wetting behaviour to the four probe liquids was assessed. The contact angles, hysteresis, roll-
off tilts and droplet diameters were given scores according to the criteria introduced earlier
in Table 8-1. The obtained data are presented in Table 8-2. The values obtained are plotted

as spider diagrams in Figure 8.2.
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Table 8-2 Repellence data and associated scores of selected coatings on stainless steel 304 with mirror finish
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Parameter Sapphire | Sapphire - Sivo EC Sivo EC - Aculon | Aculon 353 - | Tutoprom | Tutoprom - Avalon | Avalon glass -
score score 353 score score glass score
WCA (°) 99.7 7 107 (£2.2) 8 93.7 7 98.6 7 98.8 7
(1.4) (£2.3) (£1.0) (£3.0)
WCAH (°) 235 7 38.7 6 26.7 7 23.7 7 229 7
(£0.4) (x24.0) (£1.2) (£1.1) (£2.2)
WROT (°) 55.2 4 62.3 3 69.8 3 59.6 4 62.5 3
(£5.8) (£30.6) (+13.0) (£3.1) (x15.7)
WD (px) 152.1 8 155.3 8 157.4 8 153.3 8 141 9
(x12.7) (x194) (£6.6) (£0.7) (£1.5)
DCA (°) 72.6 5 86.4 6 69.6 4 70.1 4 76.2 5
(£1.6) (£3.1) (+1.4) (£1.1) (£3.6)
DCAH (°) 51.2 4 33.2 6 25.2 7 49 (+1.3) 5 49 (+7.8) 5
(x10.6) (£9.8) (£7.0)
DROT (°) 14.6 8 34 (£39.9) 6 7.3 9 10.5 9 15.1 8
(£6.1) (x1.8) (£0.9) (£11.7)
DD (px) 215.1 2 181.6 5 191 4 213.7 2 201.4 3
(£7.9) (£1.1) (£5.8) (x21.9) (£3.1)
LST 50 CA 84.5 6 94.8 7 84.2 6 87.5 6 92.9 7
©) (£3.2) (£1.2) (£3.2) (£5.2) (£3.1)
LST 50 36.6 6 29.8 7 23.7 7 22.5 7 324 6
CAH (®) (£3.8) (£7.3) (£0.6) (+1.4) (£0.1)
LST 50 46.8 5 36.1 6 28.5 7 41.6 5 23.1 7
ROT (°) (£26.4) (x14.6) (+0.9) (+1.8) (£0.6)
LST 50D 172.4 6 176.1 6 169.5 7 148 (£7.3) 9 195.2 4
(px) (+9.7) (£0.5) (£0.5) (£1.7)
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LST 30 CA 75.1 86.4 51.3 52.1 59.1 3
©) (£3.8) (£1.8) (£2.7) (£5.4) (+4.3)
LST 30 37.3 38.2 444 22.6 46.8 5
CAH (°) (£1.5) (£0.6) (£3.8) (£0.0) (£3.5)
LST 30 23.1 31.1 26.4 34.5 26.5 7
ROT (°) (£1.1) (£2.7) (£1.2) (£1.5) (£1.4)
LST 30D 228.9 196.9 239.5 163.5 239.9 1
(px) (£2.8) (£7.5) (£7.5) (£2.4) (£8/0)
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Figure 8.2 Assessment of surface chemistries
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As can be seen in Figure 8.2 all the coatings had WCA values in the range of 7-8, while roll-
off tilt remains very high in the range of 3-4 for all coatings. The water diameter is relatively
low across samples (score 8-9) suggesting that droplet does not spread out on the surface/wet
it. The interesting observation is that water repellence performance of all coatings is similar,
irresponsible of surface chemistry. There are greater differences between coatings when the
probe liquid is diiodo-methane. The DCA is relatively low compared to water (score 4-6),
but it exhibits better roll-off (6-9). However, the diameter of the diiodo-methane droplet is
larger with scores ranging from 2 to 5 suggesting that more wetting/spreading is taking place
due to lower surface tension of the probe liquid. Comparing the data of the LST50 and
diiodo-methane, the LST50 exhibits higher contact angles, lower CAH and roll-off tilt. The
roll-off tilt is lower but it also exhibits less spreading (lower value of droplet diameter) which
suggests that it shows less film-forming behaviour. LST 30 also shows similar roll-off tilts

but the large diameter value suggests that it is more likely to spread out and leave the film
behind.

Comparing the fluorinated (Sivo EC) and non-fluorinated (Sapphire) surface treatments, the
water repellence is similar on both surfaces. The main difference observed is with diiodo-
methane wetting. The Sivo EC treatment exhibited a higher DCA (6 compared to 5), the
DCAH was also higher (6 compared to 4) suggesting less droplet pinning, however the roll-
off tilt was lower (6 compared to 8). Which would be assumed as a decrease in repellence
towards diiodo-methane, but if the droplet diameter is taken into the account it can be
observed that the droplet size is lower during the roll-off on Sivo EC coating. This suggests

that on fluorinated treatment less wetting is taking place by the diiodo-methane (Figure 8.3).
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Sapphire
Sivo EC

LST 30 ROT NN/ WROT
LST30CAH
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LST 50 ROT DROT

LSTSOCAH DD
LST 50 CA

Figure 8.3 Diagrams for Sivo EC and Sapphire

8.4. Assessment of surface roughness

The effect of micro-scale surface roughness on repellence was assessed with the proposed

criteria. The coating selected for the assessment was Sapphire deposited on grit blasted

surfaces to provide the roughness; the data used was presented in Chapter 6. The repellence

data was converted into scores as defined by the criteria

in Table §8-3.

highlighted above and is presented

wea SS mirror
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I Grit 100
LST 30 ROT WROT
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Figure 8.4 Effect of blasting with grit 100 on repellence
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Figure 8.5 Effect of blasting with grit 36 on repellence
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Table 8-3 The Repellence data and associated scores of Sapphire coating on blasted stainless steel 304
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Parameter SS mirror | SS mirror finish - SS 304 SS3042B - | Grit 100 Grit 100 - Grit 60 Grit 60 - Grit 36 Grit 36 -
finish score 2B score score score score
WCA (°) 99.7 (£1.4) 7 98.6 7 127.5 10 127.7 10 123.7 10
(£3.4) (£2.1) (£1.0) (£2.1)
WCAH (°) | 23.5(x0.4) 7 17.4 7 24.2 6 26.8 7 21.2 7
(£1.9) (£0.4) (£13.2) (£0.7)
WROT (°) | 55.2 (£5.8) 4 46.2 5 71.3 2 42.6 5 50.0 5
(£7.1) (£14.9) (£12.9) (£0.0)
WD (px) 152.1 8 135.1 10 145 9 154.6 8 125.5 10
(£12.7) (£1.0) (£16.6) (£59.7) (£2.5)
DCA (°) 72.6 (£1.6) 5 70.1 4 94.9 7 90.8 7 92.2 7
(£3.9) (x1.4) (£3.0) (x1.4)
DCAH (°) 51.2 4 23.5 7 71.8 2 64.8 3 98.4 1
(£10.6) (£9.0) (£1.5) (£32.5) (£15.3)
DROT (°) 14.6 (£6.1) 8 13.5 8 22.5 7 41.6 5 20.8 7
(x1.4) (x11) (£33.3) (£2.0)
DD (px) 215.1 2 163.6 7 225.5 2 207.5 3 255.3 1
(£7.9) (£20.2) (x13) (£61.8) (x1.7)
LST 50 CA | 84.5(£3.2) 6 101 8 111.5 9 116.2 10 108.0 9
(°) (x1.7) (£5.6) (£6.7) (x4.3)
LST 50 36.6 (£3.8) 6 432 5 36 6 86.5 1 33.7 6
CAH (°) (£0.3) (£11.3) (x1.1) (£0.3)
LST 50 46.8 5 80.0 1 63.9 3 47.6 5 80.0 1
ROT (°) (£26.4) (£0.0) (£27.9) (£2.5) (£0.0)
LST50D 172.4 6 185.8 5 178.6 6 227.6 2 144.9 9
(px) (£9.7) (£0.0) (x12.4) (£5.7) (£3.9)
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LST 30 CA | 75.1 (+3.8) 80.3 82.2 66.6 4 59.4 3
©) (£2.8) (+3.8) (£2.6) (£2.6)
LST30 | 37.3(£1.5) 28 (0.3) 58.8 92.3 1 722 2
CAH (°) (£1.2) (£15.4) (£15.0)
LST30 | 23.1(x1.1) 234 71.1 39.2 6 55 (£9.8) 4
ROT (°) (+0.6) (£15.5) (£1.9)
LST 30 D 228.9 186.6 192.2 2249 2 189 5
(px) (£2.8) (£1.1) (£28.9) (£1.7) (13.1)
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The obtained data for stainless steel with mirror finish and grit 100 were plotted on Figure
8.4. The plot shows the effect of blasting with grit 100 on repellence. Blasting with grit 100
created a surface with a roughness average of 1um as presented in Chapter 6. The effect of
grit 100 on water repellence is increase in the static contact angle and contact angle
hysteresis which suggests that the substrate exhibits higher degree of droplet pinning which
can also be observed by a significant decrease in the roll-off angle. Despite increase in CAH
and decrease in the roll-off tilt, the droplet diameter is smaller on a blasted surface. This
suggests that there might be capillary action that prevents water to completely penetrate into
the roughness groves/capillaries to increase the interfacial surface area. This increase in the
static contact angle for the roughened substrate is in line with the Wenzel’s wetting model
as described in Chapter 6. In terms of diiodo-methane wetting, the static contact angle is
increased on the roughened substrate however a similar effect to water is observed in terms
of CAH and roll-off tilt. The roughening does not seem to significantly change the
diameter/spreading of diiodo-methane droplet on the surface. The same behaviour is
observed with the other probe liquids, diiodo-methane, LST 50 and LST 30. The only
difference is the droplet diameter which seems not to exhibit significant change for diiodo-
methane and decreases with LST 30. Comparing the values for diiodo-methane and LST 50,
even though their total surface tension values are similar there is a different wetting
behaviour observed. The static contact angle is higher with LST 50 liquid, The CAH is much
lower with LST50 as well as the diameter which suggests lower wetting/spreading of the
liquid. The roll-off tilt seems to be lower with diiodo-methane but as already discussed this
is due to the film-formation and not to repellence. This difference in the behaviour can be
explained by the polar or disperse nature of the liquid/surface as already discussed in Chapter
5. The disperse probe liquid seems to be more compatible with the studied surface. Hence
better wetting. The comparison between diiodo-methane and LST50 wetting behaviour is a
valuable tool as it provides insight into the surface chemistry of the studied coating/substrate
and its wetting behaviour with polar/disperse liquids. The comparison of diodo-methane
with water does not provide as much insights because water has a very high surface tension
which creates an uplift in repellence. The increased repellence has to be attributed to the
increased surface tension and not to the specific polar/disperse interaction and therefore the

data is not easily comparable.
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In terms of wettability with LST 30 on stainless steel 304 with mirror finish and blasted with
grit 100 coated the Sapphire coating, the static contact angle with LST30 is increased by the
increase in roughness. The initial static contact angle with LST30 is 75° and blasting with
grit 100 creates an uplift to 82°. This increase is not in line with the Wenzel wetting model.
The contact angle of 75° suggests that the surface is inherently philic to the probe liquid and
the increased roughness would increase the interfacial surface area and therefore wettability.
However, this is not observed on the sample blasted with grit 100. Comparing the other
studied parameters CAH and roll-off tilt however shows that the increase in roughness
causes the wettability to increase. This observation suggests that the static contact angle can
be a misleading parameter and in order to obtain deeper insights into repellence/wetting more

parameters have to be considered with a range of probe liquids.

Blasting with grit 36 enhanced the mentioned behaviour further as seen in Figure 8.5. The
repellence/wettability behaviour on the surface blasted with grit 36 seems to be more
complex. In terms of water, there is an increase in the static contact angle, no significant
change in CAH value and there is a slight decrease in the roll-off tilt and the diameter of the
droplet is also smaller (suggesting less spreading). All of which agrees with Wenzel wetting
model. The behaviour of diiodo-methane is very similar to the one observed on SS304 grit
100, but there is also an increase in droplet diameter (more spreading) and all the other
parameters show increased wetting. The LST50 on the other hand shows decrease in
diameter with increase in surface roughness. The LST30 liquid exhibits a decrease in static
contact angle on grit 36, which differs from the behaviour observed on grit 100. However,
the wetting on grit 36 agrees with Wenzel model wetting. The initial contact angle of 75°
decreased to 60° with introduction of surface topography. This switch from repellence to
wetting is different for each liquid and it seems to be determined by the specific

characteristics of the probe liquids.
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8.5. Assessment of nanoscale and dual-scale roughness

The effect of nano-scale and dual-scale surface roughness on repellence was assessed with
the proposed criteria. The coating selected for the assessment was SMS3 35 HMDZ loaded
at 50 % in the Sapphire coating as presented in Chapter 7. The repellence data converted into
scores as defined by the above criteria is presented in Table 8-4. For the nano-scale and dual-
scale roughness only the repellence with water and diiodo-methane were studied and so the
proposed criteria was modified accordingly. The score system remained the same, but the
spider diagram changed to the one presented in Figure 8.6. Half of the diagram is dedicated

to the repellence data with water and the half to diiodo-methane.

The data from Chapter 7 for SMS35 HMDZ 50 % in sapphire coating system deposited on
stainless steel 2B finish, Grit 100, Grit 60 and Grit 36 was scored according to the criteria.

The values are presented in Table 8-4.

WCA Water
10 Diiodo-methane
DD 3 WCAH
6
4
2
DROT € WROT
DCAH WD
DCA

Figure 8.6 Spider diagram for water and diiodo-methane repellence study
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Table 8-4 Repellence data and associated spider diagram score on nano-scale and dual scale topography

Parameter SNPs HMDZ T4 50 % in sapphire
SS 304 2B SS 304 2B - score Grit 100 Grit 100 - score Grit 60 Grit 60 - score | Grit 36 - score | Grit 36 - score

WCA (°) 132.0 (£ 0.7) 10 142.5 (£ 0.6) 10 142.3 (£2.0) 10 154.4 (£0.1) 10
WCAH (°) 28.1 (£2.5) 7 14.0 (£9.1) 8 12.7 (£5.9) 8 6.3 (£1.1) 9
WROT (°) 79.9 (£0.2) 1 35.8 (£19.8) 6 35.5 (%£12.1) 6 20.4 (£2.6) 8

WD (px) 124.2 (+1.7) 10 105.0 (+4.3) 10 102.6 (+4.1) 10 95.0 (+1.1) 10

DCA (°) 77.7 (£2.8) 5 95.1 (£5.1) 7 99.0 (£3.2) 7 94.5 (+3.0) 7
DCAH (°) 71.8 (£3.8) 2 100.1 (£14.1) 1 72.8 (+£1.2) 2 71.8 (£2.7) 2
DROT (°) 21.0 (£2.2) 7 26.7 (£3.2) 8 24.9 (£0.1) 7 25.5 (+4.6) 7

DD (px) 2447 (£5.4) 1 237.1 (£25.6) 1 227.8 (£6.3) 2 217.8 (£26.1) 2

181



Chapter 8. Methodology for comparative assessment

Figure 8.7 presents the data for the nanoparticle containing Sapphire coating system
deposited on stainless steel 2B finish, Grit 60, Grit 100 and Grit 36 blasted SS304. The plot
presents the effect of nano-scale and dual-scale topography on the repellence with water and
diiodo-methane. The most significant change is the roll-off tilt and contact angle hysteresis
with water. The combination of nano-scale and micro-scale topography enables water
droplet to roll-off the surface. As the micro-scale roughness is increased from grit 100 to grit

36 the uplift in the performance is clearly seen.

In terms of the diiodo-methane, the contact angle is enhanced by the addition of micro-scale
roughness however the high CAH is maintained as well as the droplet diameter. The roll-off

tilt therefore represents not the true roll-off, but the film forming behaviour of the probe

liquid.
WCA —— Stainless steel as received
10 Grit 100
; Grit 60
DD 5 WEAH | Grit36
/
DROT 9 WROT
DCAH WD
DCA

Figure 8.7 Effect of nano-scale and dual-scale topography

Figure 8.8 presents the comparison of nano-scale, micro-scale and dual scale topography.
From the plot it can be observed that the micro-scale roughness has a more significant
influence on the water roll-off tilt than nano-scale topography on its own. In terms of diido-
methane the only surface that provided the uplift in contact angles, roll-off tilt and decrease
in droplet diameter was stainless steel 304 treated with sapphire (planar substrate with

minimal roughness). The introduction of roughness to the substrate causes the wettability
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towards the low surface tension probe liquid (diiodo-methane) to increase while enhancing

repellence of water.

WCA —— SNPs HMDZ T4 50 % in sapphire - SS304
10 Sapphire - SS304
/ WCAH Sapphire - SS36
——— SNPs HMDZ T4 50 % in sapphire - SS36
~/
DROT — WROT
DCAH WD

DCA

Figure 8.8 Comparison of nano-scale, micro-scale and dual-scale topography

8.6. Summary

Selecting the correct surface chemistry and surface roughness for the utmost abhesive
behaviour requires a variety of factors to be taken into the account. A new assessment
approach for the repellence evaluation of surfaces has been proposed in this chapter. The
methodology presented in this chapter helps to classify coatings and surface roughness
characteristics according to their ability to repel various liquids not only in terms of static
contact angles but also in terms of contact angle hysteresis and roll-off tilt. The spider
diagram was used to present the experimental data points in a single graph. Each repellence
parameter was plotted on a spider diagram whose axes reflected static contact angles, contact
angle hysteresis at roll-off, the roll-off tilt and the diameter of the droplet at roll-off for each
liquid studied. As identified in previous chapters (Chapter 6 and 7) a high contact angle with
a probe liquid does not guarantee an abhesive behaviour and can be misleading. It is
important to study the roll-off angles to confirm the repellent behaviour to a specific liquid.
Another valuable parameter to be considered is the droplet diameter at roll-off. It provides
insight into the droplet spreading/wetting behaviour that cannot be easily identified by the
static contact angle or even the contact angle hysteresis. The proposed evaluation approach

allows for the easy comparison of a number of parameters with a range of liquids and
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provides valuable insight. Assessment with a range of liquids is essential as probe liquids
with different polar/disperse SFE components will provide different wetting behaviours even

if their surface tension values are similar.

The proposed assessment methodology was used to assess the repellence data collected in
this project. It included the effect of surface chemistry on repellence (Chapter 5), the effect
of micro-scale surface roughness (Chapter 6) and the effect of nano-scale and dual-scale

roughness (Chapter 7).

The coatings studied on planar smooth surfaces (SS304 with mirror finish) exhibited high
WCA while the roll-off tilt remained very high for all coatings. The water repellence
performance of all coatings was similar, irrespective of surface chemistry. More variability
across coatings was observed with diiodo-methane. The probe liquids with lower surface
tensions showed more droplet spreading/film forming behaviour on planar substrates
compared to water. Comparing the fluorinated (Sivo EC) and non-fluorinated (Sapphire)
surface treatments, the water repellence was similar on both surfaces, however an uplift in
diiodo-methane repellence was observed suggesting that fluorine containing treatments
enhance oleophobicity of the substrates as mentioned in Chapter 5. The hydrophobicity can
be achieved by employing non-fluorine containing coatings/surface treatments, but fluorine

is likely to be necessary for lower surface tension liquid that have a low polar nature.

The introduction of micro-scale topography showed an increase in static WCA but also
increased the hysteresis and thus introduced the droplet pinning effect. The same behaviour
was observed with diiodo-methane, LST 50 and LST 30 on substrates blasted with grit 100.
Comparing the values for diiodo-methane and LST 50, even though their total surface
tension values are similar there is a different wetting behaviour observed. The static contact
angle is higher with LST 50 liquid, The CAH is much lower as well as the diameter which
suggests lower wetting. The roll-off tilt seems to be lower with diiodo-methane but as
already discussed this is due to film-formation and not to repellence. This difference in the
behaviour can be explained by the polar or disperse nature of the liquid/surface as already
discussed in Chapter 5. The disperse probe liquid seems to be more compatible with the
studied surface. Hence better wetting. The comparison between diiodo-methane and LST50
wetting behaviour is a valuable tool as it provides insight into the surface chemistry of the
studied coating/substrate and its wetting behaviour with polar/disperse liquids. The direct
comparison of diodo-methane with water does not provide as much insight because water

has a very high surface tension which creates an uplift in repellence. The increased
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repellence has to be attributed to the increased surface tension and not to the specific
polar/disperse interaction and therefore the data are not easily comparable. The use of LST50

avoids this and provides readily comparable values.

In terms of the repellence with lower surface tension liquid LST30, the initial static contact
angle with LST30 is 75° and blasting with grit 100 creates an uplift to 82°. This increase is
not in line with the Wenzel wetting model. The contact angle of 75° suggests that the surface
is inherently philic to the probe liquid and the increased roughness would increase the
interfacial surface area and therefore wettability. However, this is not observed on the sample
blasted with grit 100. Comparing the other studied parameters CAH and roll-off tilt however
shows that increase in roughness causes the wettability to increase. This observation suggests
that the static contact angle can be a misleading parameter and to obtain deeper insight into
repellence/wetting more parameters have to be considered with a range of probe liquids. The
proposed evaluation approach allows for the easy comparison of a number of parameters and

provides valuable insights into wetting.

The surface blasted with coarser grit 36 showed a more complex behaviour compared to grit
100. The increased roughness elevated the repellence/wettability characteristics. However,
a noticeable difference was in the switch of the repellence of LST 30. The grit 100 provided
an uplift in the static contact angle from the initial 75° to 82° but grit 36 enhanced wettability
and decreased the contact angle to 60°. This switch from repellence to wetting is different
for each liquid and it seems to be determined by the specific characteristics of the probe

liquids.

The effect of nano-scale and dual-scale surface roughness on repellence was assessed with
the proposed criteria with water and diiodo-methane as probe liquids. The micro-scale
roughness has a more significant influence on the water roll-off tilt than nano-scale
topography on its own. In terms of diiodo-methane the only surface that provided the uplift
in contact angles, roll-off tilt and decrease in droplet diameter was stainless steel 304 treated
with sapphire (planar substrate with minimal roughness). The introduction of roughness to
the substrate causes the wettability towards the low surface tension probe liquid (diiodo-
methane) to increase. The most significant change observed by the introduction of dual-scale
roughness (combination of both nano-scale and micro-scale) was the roll-off tilt and contact
angle hysteresis with water. The combination of nano-scale and micro-scale topography
enables water droplet to roll-off the surface. The easy abhesion with water suggests that

dual-scale topography is important for hydrophobicity.
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9.1. Summary of main results and conclusions

A deeper understanding of the key chemical and topographic characteristics that dictate
super repellent behaviour would provide the enabler for the engineering of anti-
contamination, anti-sticking and self-cleaning materials. This thesis provided insight into the
design rules for the fabrication of surfaces that will be repellent not only to water but liquids
with lower surface tensions too. The reported research provides understanding of the relative
roles of surface chemistry and surface roughness and has allowed the development of a new

methodology for assessing wettability.

A review on surface treatments and how they affect solid-liquid interaction by measuring
the static and dynamic contact angle with a variety of polar and non-polar probe liquids has
been presented (Chapter 5). To decouple the effects of surface roughness/topography from
the surface chemistry contributions planar substrates with minimal surface roughness were
used (glass and stainless steel 304 with mirror and 2B finish). The roughness data for the
substrates studied was measured using White Light Interferometry (WLI), Alicona and
surface profilometer Surfcom. Surface roughness values depend on the measuring technique,
the surface spatial wavelengths used, and the lateral resolution of the measuring method.
Variation in the optical and mechanical profile roughness is caused by differences in lateral
resolution. The data collected via three different techniques agree on the substrate roughness
increases from glass, stainless steel mirror finish to stainless steel with 2B finish. According
to WLI measurements, glass has the ideal smooth surface with a roughness index of 1 while
stainless steel 2B has the value of 1.13 which suggests that it has some degree of surface
heterogeneity even though its roughness average value is in the nanometre scale. As
mentioned in Chapter 2, roughness plays an important part in substrate’s wettability. It can
either enhance or reduce it. However, the degree of roughness that influences wettability has
to be taken into account. As presented in Chapter 2, Figure 2.10, as the Wenzel’s roughness
parameter increases the wettability with 2B and mirror finish should not have a significant
impact on their wettability. The main parameter that will affect it will be surface chemistry
and Chapter 5 provided a study on its impact. In terms of the surface treatments of the
substrates, different cleaning approaches, thermal and humidity treatments were studied as

well as their effect on the substrate wettability, SFE and contact angles.
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The main findings (Chapter 5) for thermal and humidity treatments were that the glass has a
stable and constant disperse SFE term. Heating and exposure to a humid environment had a
negligible impact on it, whilst the polar term showed considerable variation. Heating the
glass appears to reduce the polar contribution whilst exposing it to humidity increases this
term. A dehydration, rehydration mechanism would account for this behaviour. To further
study the effect of thermal treatment on the dehydration of glass slides, the substrates were
subjected to 65°C, 150°C and 200°C for 18 hours (Chapter 5). The contact angles with both
water and diiodo-methane decreased with increase in temperature of the thermal treatment.
The reason behind the decreased water repellence might be that after surface had undergone
dehydration, it mainly consists of vicinal or geminal hydroxyl groups. The vicinal groups
can be either interacting or isolated. Interacting vicinal groups have less affinity to interact
with water deposited on the surface compared to isolated hydroxyl groups. As the surface is
subjected to higher temperatures, it starts to undergo dehydroxylation — it loses hydroxyl
groups causing the surface hydroxyl density to decrease and therefore the distance between
the hydroxyl groups increases, shifting interacting vicinal groups to become isolated. This
shift might explain the increased hydrophilicity of the studied glass surface. In terms of the
surface rehydration after 7 days at atmospheric conditions, the decrease in contact angle for
treatments at 65°C and 150°C was observed. However, for 200°C treatment there is no
significant change even after 7 days which supports the assertion that under these conditions
the surface becomes dehydrated as well as dehydroxylated and so complete rehydroxylation
cannot be achieved at atmospheric conditions. The steel surfaces show a far more complex
behaviour. Its disperse term is changed by heating at 150°C, the polar term also changes
significantly by this treatment. The surface finish appears to have a notable effect on the
polar term on exposure to damp heat. The behaviour of the steel therefore cannot be

explained by a simple hydration model.

In terms of chemical surface treatments to reduce the SFE of the glass and stainless steel,
eleven coatings were studied (Chapter 5), including fluorinated and non-fluorinated
chemistries. The studied commercial coatings on glass all gave static water contact angles
(WCA) values in the range of 67 to 96°, whilst the static diiodo-methane contact angles
(DCA) values were in the range of 63 to 84°. The SFE values estimated for these coated
glass substrates were therefore between 20 and 40 mN/m. When applied onto stainless steel
these same coatings gave higher WCA values, between 94 and 113°, the corresponding DCA
values were in the range of 44 to 91° and the SFE values ranged from 13 to 38 mN/m. The
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wettability data showed variation across the samples however the obtained data can be
clustered. The coatings that showed the highest values of both WCA and DCA on both
substrates were the fluorinated silane-based coatings. In terms of the wettability assessment,
the high water repellence did not guarantee decreased wettability with low surface tension
liquids or with non-polar probe liquids. The greater differences between the coatings’
repellent behaviour were identified when the probe liquid was diiodo-methane. To further
examine the repellent behaviour of these studied coatings the sessile drop behaviour of probe
liquids with lower surface tension values was investigated. This assessment showed that
polar, protic liquid with a similar surface tension to diiodo-methane exhibited higher static
contact angles on non-fluorinated coatings compared to diiodo-methane which contrasts
with the perceived knowledge on fluorinated coatings. The initial wettability assessment
with WCA and DCA suggested a superior repellence behaviour of fluorinated coatings
compared to non-fluorinated treatments, however further assessment suggests that this might
not be the case for lower surface tension polar probe liquids. The fluorine containing
treatments enhance oleophobicity of the substrates. The hydrophobicity can be achieved by
employing non-fluorine containing coatings/surface treatments, but fluorine is likely to be

necessary for a lower surface tension liquid that have a low polar nature.

The repellent behaviour of commercial coatings deposited on smooth substrates was also
studied via dynamic contact angle measurements to obtain contact angle hysteresis (CAH)
values. The obtained data showed that CAH begins to increase before the movement of
droplet, and it increases with the tilt angle. The position of the contact points (CP) starts to
move only after a certain degree of CAH is achieved, in the studied samples the first
movement was observed when the CAH value was in the range of 10-30°. Hysteresis
between advancing and receding points suggests that the receding CP remains pinned and
starts to move later than the advancing side. It is considered that CAH provides information
on the pinning/adhesion force of the droplet to the surface, but CAH on its own does not
provide information whether the droplet is exhibiting film forming behaviour, whether it is
spreading and wetting out a surface or whether it easily de-wets and rolls off without leaving
a film behind. To provide information on the dynamic wetting behaviour that CAH is
lacking, an additional parameter that provides insight into the droplet movement or the
change in droplet diameter has to be employed. Both the contact point hysteresis (Chapter
5) and the droplet diameter (Chapter 8) were studied to provide further understanding of
different wetting/repellence behaviours. The hysteresis of contact points (CPH) is the

difference between the CP movement at the advancing side and the CP movement at the
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receding side of the droplet. The diameter of the droplet helps to identify the liquid spreading
on the surface, large diameter suggests higher wettability and film forming behaviour.
Identifying and calculating these parameters add value to the dynamic contact angle
measurements and provide insight in identifying the type of wetting taking place as it cannot
be easily described by static contact angles, dynamic contact angles or even contact angle
hysteresis. Static WCA is a useful measure as it has value from a comparative perspective
but is limited since water has a high surface tension and wishes to bead. Static DCA allows
a more complete assessment of the surface and can be used together with WCA to provide
SFE values and polar/disperse contributions. In order to get an understanding from the
dewetting and roll-off point of view, dynamic contact angle measurement has to be
undertaken since a high static contact angle does not guarantee low roll-off tilt or low contact

angle hysteresis.

The impact of surface micro-level roughness on wettability/repellence behaviour was
investigated (Chapter 6) by grit blasting stainless steel. Increasing the surface roughness
from 0.01 um to 4 pum resulted in a rise and then a fall in the static contact angles for the
probe liquids employed. For liquids with low surface tensions (LST 30, xylene and decane)
the deposited probe liquid gave contact angles below 10°. According to Wenzel the greater
the deviation from 90° on a smooth surface, the greater will be the influence of introduced
roughness on the apparent contact angle. Thus, if the contact angle is below 90°, the
introduction of surface roughness is expected to decrease the contact angle further, however
the obtained values do not seem to follow this trend. Introduction of roughness enhanced
contact angles even though the starting contact angle was below 90° for all liquids studied.
On the coated substrates, a similar effect was observed; increasing surface roughness
enhanced repellence of all liquids except for xylene and decane. There could be two reasons
for this uplift in contact angles on the inherently liquid-philic substrate. One of the reasons
might be the topographic characteristics of the studied substrate; increased roughness might
cause increased capillary action and prevent probe liquids from wetting the surface further.
The second reason might be the need for further refinement to the Wenzel wetting model.
As discussed in Chapter 2, there are different opinions on how to classify hydro/oleo-phobic
and hydro/oleo-philic surfaces. In terms of contact angles with xylene and decane. Xylene
has a low surface tension of 30 mN/m and its SFE consists only of a disperse component
like decane having a disperse SFE of 24 mN/m. The starting contact angle on the smooth

surface for Xylene treated with fluorinated coating (Sivo EC) was 56° while for non-
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fluorinated treatment (Sapphire) it was 25°. For the decane, the values were 48° and below
10° respectively. The increased roughness together with the fluorinated treatments did not
significantly change the CA values or slightly decreased them while more significant
decrease was seen with non-fluorinated treatments suggesting that lower surfaces with

inherently low CA values are more likely to agree with the Wenzel wetting model.

Comparing the effect of fluorinated and non-fluorinated coatings systems, the fluorinated
coating provides higher contact angles on both roughened and smooth surfaces for all
liquids. This effect can be seen more evidently for low surface tension liquids with low polar
contributions. The dynamic contact angle assessment showed that the roughened substrates
with micron-scale roughness exhibits high contact angle hysteresis, no roll-off or film
formation for liquids with low surface tensions. Water droplets remain pinned to the surface
even at a tilt of 80 ° while diiodo-methane spreads on the surface and forms a film. As
mentioned in Chapter 2, super repellent surfaces that will eliminate pinning of droplets
should have a minimal contact angle hysteresis; less than 10°. In the case of the surfaces
examined with roughness levels (R.) in the range of 0.01 um to 4 pum, there was no super
repellent behaviour exhibited when treated with fluorinated or non-fluorinated coatings
which had been demonstrated to significantly reduce the SFE of the surface. Therefore,
achieving a high static CA was not sufficient to satisfy the conditions necessary to achieve

super repellence.

The project investigated the effect of nano-scale and dual-scale roughness on repellence.
Nano-scale roughness was introduced to the surface by incorporation of silica nanoparticles
into candidate coatings, while low SFE was achieved by the surface functionalisation of
these nanoparticles with silanes. Two types of silica nanoparticles (SNPs) were used in the
study; those synthesised by a sol-gel method and commercial fumed silica particles (Aerosil
200). The obtained particles were functionalised with fluorinated and non-fluorinated
silanes; hexamethyldisilazane (HMDZ) and 3,3,3- trifluoropropyltriethoxysilane (333).
Dynamic light scattering (DLS) as well as WLI and Atomic force microscopy (AFM) studies
confirmed the diameter of the sol-gel synthesised nanoparticles to be in the range of 40-50
nm. It was shown that the nanoparticles could be used to obtain repellence via a bottom-up
approach by dip coated the SNPs from suspension onto glass slides. The SNPs form a film
that builds up the nano-roughness on the substrate while the surface functionalities on the
SNPs provide low SFE. This combination gave the static CA of 104° for water and 67° for

diiodo-methane. To maintain the repellence and increase durability, the obtained
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functionalised nanoparticles were incorporated into the commercial coating Sharc Sapphire.
Sharc Sapphire was selected as it is a polysilazane based coating and not a silane as other
surface treatments studied in Chapter 5. It has a film forming behaviour and it could act as a
matrix for additives. Assessment with WLI confirmed that the modified coating has nano-
scale roughness, and the coating matrix did not cause the levelling of the nano-particles. Two
loading levels were studied (Chapter 7): 50 % and 75 % solid loading. The incorporation of
the functionalised SNPs into the Sapphire coating at 50% loading level elevated the static
contact angles to 128° from 103° (water) and to 88° from 80°(diiodo-methane) respectively.
Increasing the loading level to 75% did not change the repellence with water (128°) but did
increase the repellence to diiodo-methane to 93° (for F333 functionalisation). The increase
in DCA values can be attributed to higher fluorine content in the coating that makes the
surface more oleophobic (as described and observed in Chapter 5) but does not significantly
affect hydrophobicity suggesting that the right surface chemistry is required in combination

with the topography to satisfy the more demanding repellence conditions of diiodo-methane.

The modified coatings were deposited on grit blasted stainless steel substrates to create a
dual scale topography that combines both the micro-scale topography (studied in Chapter 6)
and the nano-scale topography (studied in chapter 7). The SNPs used in this dual-scale
roughness study were functionalised with HMDZ and incorporated at 50% solid loading
level into the Sapphire coating. On the coated substrates, the water contact angle increased
consistently with increase in the substrate’s micro-scale roughness until grit 36 (Ra 2.9um)
where the WCA of 154° was achieved. The diiodo-methane showed a similar trend with an
increase in contact angle value with increasing micro-scale until the surface prepared with
grit 60 (Ra 1.7 um) where its contact angle reached 99°. Further increases in micro-roughness
led to a reduction in repellence. This behaviour is likely to be due to some key topographic
thresholds being passed, each threshold being dictated by the specific characteristics of the
probe liquids. In terms of the CAH at roll-off and the roll-off tilt, the loading level of SNPs
in the coating system did not have an influence. However, both roll-off and CAH were
affected by the substrate’s roughness in combination with the nano-scaled roughness. The
increased micro-scale roughness of the substrate reduced water CAH from 25 ° to below 10
¢ and the roll-off tilt from 80 ° (no droplet roll-off) to below 10°. The results in this study
show that a high contact angle with the probe liquid does not guarantee the abhesive
behaviour. It is important to study the roll-off angles to confirm the repellent behaviour to

specific liquids. The nano-scale topography provided high static contact angles with probe
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liquids as well as high contact angle hysteresis and high roll-off angles/or no roll-off. The
micro-scale topography studied in Chapter 6 provided similar results. However, the
combination of both nano and micro-scale topographies provided high contact angles, low
contact angle hysteresis and low roll-off tilts for water. This specific dual scale topography
does satisfy the criteria for super repellence with water. However, this same combination of
surface characteristics does not satisfy the conditions to achieve super repellence for probe
liquids with lower surface tensions and different surface tension components (polar
part/disperse part). Changing the micro and nano-scale topography as well as surface
chemistry exhibited the range of wetting behaviours with various probe liquids. These
behaviours provide some insight into the design rules to achieving omniphobicity as
selecting the correct surface chemistry and surface roughness for the utmost abhesive
behaviour requires a variety of factors to be taken into account. An assessment methodology
(presented in Chapter 8) has been proposed for the evaluation of repellence of surfaces. This
approach helps to classify coatings and surface roughness characteristics according to their
ability to repel various liquids not only in terms of static contact angles but also in terms of
contact angle hysteresis, roll off tilt and droplet diameter (film forming behaviour). Whilst
the critical parameters to achieving omniphobicity are still unclear, this work sheds light on

the parameters that have to be considered and the methods to elucidate them.

9.2. Recommendation for future work

The reported research work provides detailed understanding of the critical parameters for
achieving superhydrophobicity, however further work is required to understand the design

rules for superomniphobic surfaces.

The research presented in this thesis highlights the importance of dual-scale topography and
further work should concentrate on study of various combinations of nano-scale and micro-
scale topographies. The presented research included the study on the polysilazane coating
incorporated with Stober silica nanoparticles (diameter of 35 nm) used for the deposition
onto a blasted substrates to obtain dual-scale topography. This work can be extended by
incorporation of larger silica nanoparticles (diameter > 100 nm) into the coating and its

deposition onto the substrates with a range of micro-scale roughnesses (< 1 ym and > 4

um).

It was also highlighted that incorporation of fluorinated silica nanoparticles into the coating

matrix enhances repellence, further work can be undertaken to study and compare different
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fluorinated silanes and their effect on silica nanoparticle additive functionalisation and

repellence.

Finally, as high static contact angles do not guarantee the abhesive behaviour, further work
on repellence should include the study of the roll-off angles as well as film forming/rolling

behaviour to confirm repellence to specific liquids.
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Appendix A

Table 9-1 Roll - off data for Tutoprom coating

Substrate Probe CA [R] | CA[A] | Tilt Contact Point | Contact Point
Liquid ) ) ) [R] (mm) [A] (mm)
Glass Water 71.5 93.0 55.7 13.7 (£1.6) 18.5 (£1.7)
(£5.7) (£6.6) | (£12.1)
Glass Diiodo- 442 89.7 9.6 10.2 (£1.6) 16.6 (£1.4)
methane (£5.6) #3) | =L1.3)
Glass LST 50 42.7 79.1 47.7 9.0 (+1.0) 14.8 (£1.1)
(£0.3) 7.4) | 74
Glass LST 30 425 74.2 38.4 8.5 (£2.1) 14.4 (£2.1)
(x0.1) *0.7) |  (7.1)
SS304 Water 76.3 100.0 59.6 13.1 (£1.5) 17.7 (£1.5)
mirror (1.9) #0.8) | (£3.1)
finish
SS304 Diiodo- 46.0 95.1 10.5 10.6 (£0.1) 17.0 (£0.8)
mirror methane #4.7) #.4)| (0.9
finish
SS304 LST 50 70.6 93.2 345 12.7 (£2.4) 17.6 (£2.3)
mirror (£0.4) #0.4) | (1.5
finish
SS304 LST 30 70.3 92.8 41.6 13.1 (£1.3) 17.5 (£1.5)
mirror (£0.3) 1.7) | (£1.8)
finish
SS304 2B | Water 83.2 106.8 62.7 12.8 (£2.0) 17.1 (£2.5)
finish *8.1) | (%£10.1) | (£14.2)
SS304 2B | Diiodo- 353 93.7 16.4 11.1 (£1.0) 17.7 (£1.2)
finish methane (£12.5) (£2.6) | (£7.6)
SS304 2B | LST 50 63.1 89.1 40.7 10.0 (£2.1) 15.1 (£2.1)
finish (8) (#8.6) | (£1.3)
SS304 2B | LST 30 44.8 76.0 35.8 9.7 (£2.1) 15.2 (£0.5)
finish (£29.1) | (£21.4) *17)
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Grit 100 Water 85.4 113.5 79.9 11.8 (£0.3) 16.2 (£0.5)
(#10.3) | (%10.2) | (£0.1)

Grit 100 Diiodo- 24.7 101.8 259 10.3 (£0.5) 17.4 (£0.4)
methane (x1.3) #9.3) | (£1.3)

Grit 100 LST 50 52.6 93.6 80.0 6.4 (£0.4) 11.5 (£0.4)
(£2.6) (£3.5) | (0.0)

Grit 100 LST 30 26.5 117.5 39.8 11.8 (£0.3) 18.5 (£0.2)
(#0.4) (#3.6) | (£0.9)

Grit 60 Water 90.1 115.6 72.2 12.5 (£1.4) 16.7 (£1.8)
(13.1) | (£14.1) | (*=12.8)

Grit 60 Diiodo- 23.5 98.7 23.9 9.4 (£0.3) 16.5 (£0.6)
methane (£0.2) (£3.2) | (£0.0)

Grit 60 LST 50 66.4 100.5 66.8 7.4 (£1.2) 12.1 (£1.5)
(x2.1) x4.7) | (£21.8)

Grit 60 LST 30 28.6 108.6 48.1 9.8 (£1.2) 16.1 (£1.4)
(€3] (#4.3) | (*1.8)

Grit 36 Water 87.5 114.8 79.2 10.9 (20.3) 15.0 (£0.1)
(£8.3) 7.2) | (*0.7)

Grit 36 Diiodo- 23.1 106.3 22.9 10.1 (£1.3) 17.1 (£2.0)
methane (£3.8) | (£25.8) | (£0.9)

Grit 36 LST 50 69.4 103.4 80.0 7.7 (£0.7) 12.0 (£0.6)
(x1.3) (x2.8) | (£0.0)

Grit 36 LST 30 31.9 106.7 449 8.0 (x0.7) 14.5 (£1.5)
#4.9) | (#22.8) | (%6.1)

Table 9-2 Roll - off data for Aculon 353
Substrate Probe CA [R] | CA[A] | Tilt Contact Point | Contact Point
Liquid ) ) ) [R] (mm) [A] (mm)

Glass Water 72.2 99.9 77.7 9.2 (#1.1) 13.6 (£1.2)
(£0.9) (3.3) | (#£3.3)

Glass Diiodo- 62.8 106.4 9.6 11.9 (20.6) 17.6 (£0.6)
methane (£5.6) 4.7 | (L5

Glass LST 50 39.5 68.2 34.4 11.4 (1) 17.4 (£1.2)
#7.1) *2.3) | (7.5
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Glass LST 30 19.9 54.8 19.1 8.8 (£1.4) 16.1 (£1.7)
(£2.3) (x6.6) | (£0.7)
SS304 Water 68.5 95.2 69.8 14.4 (£0.5) 19.1 (£0.3)
mirror (+0.3) (x1.5) (=13)
finish
SS304 Diiodo- 61.0 86.2 7.3 12.6 (£0.9) 18.3 (£0.7)
mirror methane (£7.9) #0.9) | (£1.8)
finish
SS304 LST 50 67.0 90.7 28.5 11.8 (£1.1) 16.9 (£1.1)
mirror (x0.7) *1.3) | (+0.9)
finish
SS304 LST 30 24.0 68.4 26.4 9.2 (£1.4) 16.4 (£1.1)
mirror (+0.6) #4.4) | (£1.2)
finish
SS304 2B | Water 57.4 87.1 79.9 8.9 (£0.3) 13.9 (£0.2)
finish (£2.6) (#3.2) | (0.1)
SS304 2B | Diiodo- 20.9 79.5 10.7 8.2 (£0.7) 16.2 (£1.8)
finish methane (£3.5) &7.7) | (1.9
SS304 2B | LST 50 48.6 91.6 64.5 11.5 (£0.2) 17 (£0.2)
finish (£2) #3.7) | (5.9
SS304 2B | LST 30 20.0 115.2 25.9 8.2 (£0.2) 15.9 (£0.1)
finish (+2.0) #5) | (%2.6)
Grit 100 Water 60.1 91.9 79.6 10 (£0.6) 15.2 (£0.7)
(£6.5) (x6.8) | (£0.5)
Grit 100 Diiodo- 18.9 93.6 17.9 9.4 (+0) 16.5 (£0.3)
methane (#£0.6) | (£10.3) | (£0.8)
Grit 100 LST 50 42.7 85.8 | 80 (x0) 10.2 (£0.6) 15.6 (£0.6)
(£3.5) (#3.7)
Grit 100 LST 30 17.1 103.9 233 9.1 (£1.5) 16.8 (£1.4)
(*1.9) | (£16.6) | (£1.9)
Grit 60 Water 77.9 104.4 78.9 9.9 (+0.2) 14.6 (£0.1)
(£2) (#3.5) | (%1.6)
Grit 60 Diiodo- 42.8 96.1 18 9 (+0.3) 15.3 (£0.8)
methane (#£29.3) | (+18.2) | (+2.8)
Grit 60 LST 50 16.7 101.2 20.1 6.8 (£2.5) 14.7 (£3)
(1.9) (£5.5) | (£1.2)
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Grit 60 LST 30 58.2 98.2 | 80 (x0) 10.1 (£0.7) 14.9 (£0.7)
(x2.1) (x2.1)
Grit 36 Water 77.2 106.6 79.4 10.6 (£0.3) 14.9 (£0.3)
(£2.5) (#3) | (0.8)
Grit 36 Diiodo- 36.3 79.4 31 12.5 (£5.2) 16.9 (£2.8)
methane (x0.2) | (#23.7) | (x12.1)
Grit 36 LST 50 354 110.9 70.1 11.3 (£0.8) 17.1 (£0.3)
(£3.2) (£6.5) | (£16.7)
Grit 36 LST 30 573 97.6 | 80 (x0) 10.2 (£0.5) 15.1 (£0.4)
(£9.6) (£6.3)
Table 9-3 Roll - off data for Avalon Glass
Substrate Probe CA [R] | CA[A] | Tilt Contact Point | Contact Point
Liquid ) ) ) [R] (mm) [A] (mm)
Glass Water 93.7 112.6 66.1 12.5 (£1.8) 16.4 (£2)
(£3.3) (#4.5) | (£12.3)
Glass Diiodo- 88.2 116.0 11.5 9 (x0.4) 14.3 (£1.3)
methane (#4.5) *1.9) | (£2.8)
Glass LST 50 58.6 91.5 31.2 9.3 (£0.1) 14.8 (£0.1)
(£6.1) (#9.6) | (£6.0)
Glass LST 30 27.5 71.1 28 9.8 (£1.0) 16.4 (£0.8)
(£2.5) 4.7 | (#3.2)
SS304 Water 84.2 107.1 62.5 12.8 (£2.0) 17 (£1.9)
mirror (£2.3) #4.5) | 15.7)
finish
SS304 Diiodo- 52.1 101.1 15.1 11.7 (£1.9) 17.8 (£2.0)
mirror methane (#£24.0) | (x16.1) | (*=11.7)
finish
SS304 LST 50 49.1 81.6 23.1 13.2 (£0.4) 19.1 (£0.5)
mirror (£0.5) (#0.6) | (0.6)
finish
SS304 LST 30 25.2 72.0 26.5 9 (x0.5) 16.2 (£0.2)
mirror (£1.9) 4| (1.4

finish
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SS304 2B | Water 91.1 115.0 78.8 10.8 (£0.4) 14.6 (£0.2)
finish (6.0) | (4.9 | (£1.2)

SS304 2B | Diiodo- 79.0 116.3 15.3 9.2 (£1.1) 14.2 (£1)
finish methane (£9.7) #6.4) | (£2.8)

SS304 2B | LST 50 48.3 92.4 42 11.7 (£1.5) 17.3 (£2)
finish (£6.6) (#4) | (£5.3)

SS304 2B | LST 30 27.7 76.1 33.5 8.5 (£1.5) 15.2 (£1.6)
finish #2.7) | (*0.6) | (x1.5)

Grit 100 Water 93.0 115.4 72.7 11.6 (£0.1) 15.5 (£0.5)
(*+10.9) | (£11.6) | (+12.6)

Grit 100 Diiodo- 44.5 103.3 19.9 11.6 (£2) 17.9 (£1.6)
methane (£15.3) | (£13.3) | (£11.3)

Grit 100 LST 50 56.1 106.9 79.8 10.5 (£0.2) 15.2 (£0.4)
(£6.5) (x3.3) | (0.2)

Grit 100 LST 30 27.7 115.0 45 9.7 (£2.1) 16.5 (£2)
(£0.9) 8.7 | (£1.4)

Grit 60 Water 95.8 117.5 50.0 9.7 (£0.2) 13.4 (£0.5)
(*10.1) | (*7.9)| (£0.0)

Grit 60 Diiodo- 244 109.0 23.0 9.8 (£0.6) 16.6 (£1.1)
methane (#4.6) | (£21.3) | (£2.9)

Grit 60 LST 50 51.5 95.7 64.1 9.7 (£0.4) 14.8 (£1.9)
(£21.5) | (£17.5) | (£27.1)

Grit 60 LST 30 27.7 109.3 49.2 10.7 (£0.4) 17.1 (£0.3)
(x0.7) 5.1) | (24

Grit 36 Water 95.0 125.4 79.5 10.6 (£0.1) 14.2 (£0.3)
(x4.4) x1.2) | (0.2)

Grit 36 Diiodo- 37.1 113.7 23.8 9.3 (£0.6) 15.5 (£0.4)
methane (1.9) =*1.9) | (%0.1)

Grit 36 LST 50 60.7 108.2 80.0 9.5 (£0.5) 13.9 (£0.7)
(£6.0) (£3.8) | (£0.0)

Grit 36 LST 30 30.2 116.5 47.5 7.9 (£0.5) 14.8 (£0.6)
(x1.8) (x3.3) | 3.7
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Table 9-4 Roll - off data for Sapphire

Substrate Probe CA [R] | CAA] Tilt Contact Point | Contact Point
Liquid ) ) ) [R] (mm) [A] (mm)
Glass Water 91.7 108.9 55.0 13.9 (1.1) 17.9 (£1.2)
(£2.8) (x1.8) (x4.9)
Glass Diiodo- 81.9 113.5 13.5 10.0 (£2.1) 14.8 (£2.3)
methane (£26) (*11.3) | (£3.3)
Glass LST 50 53.0 75.8 20.4 11.4 (£0.8) 16.9 (£0.9)
(£0.8) (x1.8) (x1.4)
Glass LST 30 52.7 81.2 17.5 11.6 (£0.9) 17.7 (£0.7)
(#4.5) (£2.5) (£0.1)
SS304 Water 92.2 109.7 46.2 13.9 (£0.5) 17.9 (£0.5)
mirror (£2.8) (£0.9) 7.1
finish
SS304 Diiodo- 104.7 128.2 13.5 10.2 (£0.5) 15.1 (£1.1)
mirror methane | (£17.1) (£8.1) (£1.4)
finish
SS304 LST 50 45.1 88.2 80.0 10.4 (£0.3) 16.0 (£0.3)
mirror (#1.1) (£0.9) (£0.0)
finish
SS304 LST 30 523 80.3 23.4 12.7 (£0.8) 18.3 (£0.8)
mirror (£1.3) (£1.0) (£0.6)
finish
SS304 2B Water 78.4 102.0 55.2 12.4 (£2.2) 17.0 (£2.6)
finish (£7.6) *7.2) (£5.8)
SS304 2B Diiodo- 39.5 90.7 14.6 9.9 (x1.1) 16.3 (£0.9)
finish methane | (£14.4) (£3.9) (£6.1)
SS304 2B LST 50 573 94.0 46.8 14.2 (£0.2) 19.4 (£0.5)
finish (x14.4) | (£10.6) | (£26.4)
SS304 2B LST 30 27 64.4 23.1 11.5 (£1.0) 18.3 (£0.9)
finish (x2.7) (x1.2) (x1.1)
Grit 100 Water 85.9 110.1 71.3 12.4 (£1.4) 16.7 (£1.9)
(x11.5) | (=11.9) | (£14.9)
Grit 100 Diiodo- 333 105.1 22.5 10.2 (£0.8) 17.0 (£1.2)
methane | (£14.7) | (x16.3) | (£11.0)
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Grit 100 LST 50 52.0 88.0 63.9 11.6 (£2.1) 16.9 (£1.7)
(*12.0) (x0.8) | (£27.9)
Grit 100 LST 30 43.4 102.1 71.1 10.1 (£0.6) 15.8 (£1.4)
(#10.7) | (*11.9) | (£15.5)
Grit 60 Water 76.3 103.1 42.6 10.0 (£0.2) 14.7 (£2.0)
(#45.4) | (£32.2) | (£12.9)
Grit 60 Diiodo- 46.1 110.9 41.6 9.4 (£1.9) 15.6 (£0.1)
methane | (£41.6) (#9.1) | (£33.3)
Grit 60 LST 50 28.7 115.2 47.6 10.6 (£0.3) 17.4 (£0.5)
(£0.7) (x1.8) (£2.5)
Grit 60 LST 30 25.2 117.5 39.2 10.5 (£1.4) 17.2 (£1.5)
(x1.3) (x16.7) | (£1.9)
Grit 36 Water 93.9 115.1 50.0 9.6 (£0.4) 13.4 (£0.5)
(£0.4) (x1.1) (£0.0)
Grit 36 Diiodo- 21.0 119.3 20.8 9.1 (1.1) 16.8 (£1.1)
methane (x1.1) (£16.4) | (£2.0)
Grit 36 LST 50 65.0 98.7 80.0 8.8 (£1.6) 13.2 (£1.5)
(£3.2) (£3.5) (£0.0)
Grit 36 LST 30 28.0 100.2 55.0 11.0 (£3.1) 16.7 (£3.4)
(x1.6) (£16.5) | (£9.8)
Table 9-5 Roll - off data for Sivo EC
Substrate Probe CA [R] | CA[A] Tilt Contact Point | Contact Point
Liquid ") ) ") [R] (mm) [A] (mm)
Glass Water 87.1 107.6 45.2 12.8 (£0.3) 17 (20.2)
(#3.1) (x1.5) (£7.0)
Glass Diiodo- 76.9 100.1 9.7 9.1 (£0.3) 14.1 (£0.4)
methane | (£5.4) (x1.0) (#2.1)
Glass LST 50 323 80.4 30.2 11.9 (£1.5) 18.4 (£1.5)
x7.4) | (£10.0) | *5.7)
Glass LST 30 32.0 73.1 24.9 12.1 (£0.7) 18.8 (£0.8)
(+1.4) (£5.4) (+1.2)
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SS304 Water 73.5 112.3 62.3 12.8 (£2.1) 17.5 (£1.5)
mirror (x28.1) | (#4.1) | (£30.6)
finish
SS304 Diiodo- 69.5 102.6 34.0 9.7 (0.9) 15.1 (£0.9)
mirror methane | (£22.5) | (£12.7) | (£39.9)
finish
SS304 LST 50 54.7 84.5 36.1 12.3 (£2.0) 17.6 (£2.0)
mirror (£1.9) (#9.1) | (£14.6)
finish
SS304 LST 30 45.1 83.2 31.1 12.0 (£0.3) 17.9 (£0.5)
mirror (£2.9) (£2.4) (x2.7)
finish
SS304 2B Water 84.0 112.2 79.7 10.0 (£1.9) 13.9 (£2.3)
finish (£3.4) (x2.1) (£0.6)
SS304 2B Diiodo- 36.6 109.7 19.1 9.1 (x1.3) 15.7 (£2.1)
finish methane | (£14.3) | (£1.5) (£7.2)
SS304 2B LST 50 41.9 105.3 77.4 14.1 (£0.4) 19.5 (£0.6)
finish (*1.7) (x1.3) (£0.1)
SS304 2B LST 30 38.2 84.1 353 9.2 (+0.7) 15.4 (£0.9)
finish (£7.2) (+4.9) (£3.5)
Grit 100 Water 97.7 124.2 80.0 10.7 (£1.7) 14.4 (£1.7)
(*12.1) | (£6.9) (£0.0)
Grit 100 Diiodo- 40.9 115.5 25.6 9.9 (x1.8) 15.9 (£1.9)
methane | (£0.7) (x1.8) (#4.1)
Grit 100 LST 50 45.4 103.2 77.2 11.8 (£1.7) 17.1 (£1.7)
(£6.5) (x1.6) (+2.7)
Grit 100 LST 30 59.6 117.5 79.9 10.3 (=1.1) 15.1 (£2.0)
(£22.7) | (£5.8) (£0.1)
Grit 60 Water 46.8 90.8 65.6 11.1 (£0.2) 16.2 (£0.4)
(£7.2) (£5.8) (£25)
Grit 60 Diiodo- 48.0 116.2 26.4 9.9 (+0.5) 15.4 (£1.4)
methane | (£17.8) | (+4.4) (x1.9)
Grit 60 LST 50 38.0 116.1 80.0 11.6 (£1.7) 17.1 (£1.8)
(£0.5) (£6.8) (£0.0)
Grit 60 LST 30 354 102.7 78.2 10.0 (£1.0) 15.0 (£1.3)
(x0.7) #5.1) (*1.9)
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Grit 36 Water 83.3 115.0 80.0 7.5 (£2.3) 11.3 (£2.6)
(£8.1) (+2.4) (£0.0)

Grit 36 Diiodo- 45.7 116.7 22.9 9.4 (0.0) 15.6 (£1.0)
methane | (£11.9) | (£1.7) (£2.5)

Grit 36 LST 50 45.1 95.0 79.9 11.3 (£0.1) 16.3 (£0.1)
(+4.2) (£2.8) (£0.1)

Grit 36 LST 30 42.4 109.0 79.0 9.4 (£0.0) 14.4 (£0.1)
(£0.9) (x4.9) (£1.0)
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