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RESUME

L'équipement électrique et plus spécifiquement les isolateurs sont plus vulnérables de
perdre leur efficacité dans des conditions météorologiques sévéres. L'accumulation de glace ou
de pollution peut endommager les isolateurs électriques. Une couche de polluants peut mener a
l'accumulation d'une pellicule conductrice sur les isolants. Les isolateurs haut tension contamings,
dans des conditions humides peuvent mener a une fuite de courant électrique qui se répandra sur
la surface de l'isolateur. Cette couche de matériaux conducteurs accumulée sur 1'isolateur peut
mener a contournement ¢lectrique qui peut résulter en une perte totale de l'isolateur. Par
conséquent, les revétements anti-givrage et auto-nettoyants pourraient profiter aux isolateurs
électriques.

Les revétements superhydrophobes ont le potentiel d'étre utilisés pour leurs propriétés
anti-givrantes et auto-nettoyantes. Plusieurs chercheurs ont mené des travaux sur la
superhydrophobicité. Malgré cela, la plupart des recherches menée dans ce domaine manque a
montrer la durabilit¢ des revétements qui ont une courte durée de vie en conditions
environnementales difficiles.

Les revétements superhydrophobes régénératifs peuvent résoudre ce probléme. Ces
revétements récupérent leur superhydrophobicité aprés avoir ét¢ endommagés ou dégradés. Cette
recherche a pour but de concevoir des revétements superhydrophobes régénératifs a base de
silicone et d'étudier leur durabilité et, par conséquence, leur potentielle utilité pour les isolateurs
¢lectriques.

Cela dit, un revétement superhydrophobe contenant des microparticules et des
nanoparticules dans une matrice a base de PDMS contenant du trifluoropropyl POSS (F-POSS)
et de I'huile de silicone en tant qu'agents de régénération de la superhydrophobicité a été fabriqué
par méthode de revétement par centrifugation. Le revétement fabriqué présentait un angle de
contact de 169,5° et une hystérésis d'angle de contact de 6°.

La capacité autonettoyante du revétement développé a été testée et étudiée par un test de
contamination seéche. La régénération de la superhydrophobicité du revétement développé a
¢galement été mise a I'épreuve par la détérioration du plasma et I'immersion a solution divers de
pH. Le revétement superhydrophobe régénératif développé a montré des performances
prometteuses dans les deux tests par rapport aux ¢échantillons de référence. Les revétements
régénératifs développés ont duré plus longtemps dans divers environnements de pH avant de
perdre leur superhydrophobicité et de retrouver leur superhydrophobicité aprés la perte. Ces
¢chantillons ont pu retrouver leur superhydrophobicité apres la perte de superhydrophobicité due
a la détérioration du plasma, ce qui n'était pas le cas pour les échantillons de référence. La
topographie de surface et la composition chimique du revétement ont été observées par
profilométrie, microscopie électronique a balayage (MEB), spectroscopie infrarouge a
transformée de Fourier (FTIR) et spectroscopie photoélectronique a rayons X (XPS). De plus, le
revétement présentait des propriétés glagiophobes. L.a mesure d'adhésion a la glace du revétement
développé a été examinée par le test de poussée de glace et le test de centrifugation et évaluée en



répétant le test par cycles pour démontrer la capacité de régénération du revétement développé.
Un résumé graphique du principal du travail effectué¢ dans cette recherche est présenté dans
(Figure 1).
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Figure 1. Résumé graphique des principes de cette recherche. © Helya Khademsameni, 2023
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ABSTRACT

Electrical power systems, and more specifically electrical insulators are vulnerable to
losing their functionality in severe meteorological conditions. Accumulation of ice or pollution
can harm the electrical insulators. A layer of pollution can lead to accumulation of a conductive
layer on top of the insulator. The contaminated high-voltage insulator in wet conditions could
lead into a leakage current which flows through the surface of the insulator. This layer of
conductive material on the insulator can lead to flashover which could result in the breakdown
of the insulator. Therefore, anti-icing and self-cleaning coatings could be of great interest for
electrical insulators.

Superhydrophobic coatings have the potential to be used for anti-icing and self-cleaning
properties. A lot of researchers have been focused on superhydrophobicity, yet most of the
research carried out in this domain lack durability studies and the developed coatings have small
life spans under harsh environmental conditions.

Regenerative superhydrophobic coatings could solve this problem. These coatings will
regain their superhydrophobicity after being ruptured or degraded. This research aims to fabricate
silicone-based regenerative superhydrophobic coatings and study their durability and
consequently their potential applications in electrical insulators. With that said, a
superhydrophobic ~ coating  containing  hydrophobic  aerogel  microparticles and
polydimethylsiloxane modified silica nanoparticles within a PDMS based matrix containing
Trifluoropropyl POSS (F-POSS) and Xiamater PMX-series silicone oil as superhydrophobicity
regenerating agents were fabricated by spin-coating method. The fabricated coating showed a
contact angle of 169.5° and a contact angle hysteresis of 6°.

The self-cleaning ability of the developed coating was attested and studied by dry
contamination test. The superhydrophobicity regeneration of the developed coating was also put
at the test by plasma deterioration and various pH immersions. The developed regenerative
superhydrophobic coating showed promising performance in both tests compared to the reference
samples. The developed regenerative coatings lasted longer in various pH environments before
losing their superhydrophobicity and regained their superhydrophobicity after the loss. These
samples were able to regain their superhydrophobicity after the loss of superhydrophobicity due
to plasma deterioration, which was not the case for the reference samples. The surface topography
and chemical composition of the coating were observed via Profilometry, scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), and X-ray photoelectron
spectroscopy (XPS). Additionally, the coating presented icephobic properties. The ice adhesion
measurement of the developed coating was examined by ice push-off test and centrifuge test and
evaluated by repeating the test in cycles to demonstrate the regeneration ability of the developed
coating. A graphical abstract of the principle of the current research is presented in (Figure 2).
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Figure 2. Graphical abstract of the principles of the current research work. © Helya Khademsameni, 2023
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FIRST CHAPTER
INTRODUCTION

1.1 Problem Definition

In many regions of the world, accumulation of ice is a cause of great concern for electrical
power systems. Catastrophic incidents in the past, particularly in Northern America and Canada,
e.g. the ice storm of January of 1998 in Quebec and Ontario [1] or the freezing rain, snowstorms
in April of 2019 in southwestern Quebec [2] and even more recently the storm in Quebec in
December 2022 [3], lead to undesirable consequences affecting the electrical power systems such
as electrical insulators, power grids, transformer lines, etc. Among the electrical power systems,
electrical insulators which provide safe connection of power lines to transmission towers are of
great importance.

In general, insulating materials should withstand a certain electrical field without losing
their insulating properties under applied voltage. However, in reality, that is not always the case.
Often, due to the environmental and meteorological conditions the insulators are exposed to, their
functionality tends to be interrupted [4], [5].

A layer of ice or pollution accumulated on the insulators is a tremendous hazard to their
functionality. Pollution can contain minerals, electronic-conductive metal oxides, soluble salts, and
water which can form a conductive layer on the insulators. In the same manner, due to freezing
process, corona discharge products, and presence of other contaminating substances, a layer of ice
on the insulators can lead to an increase in their conductivity [6], [7]. This can result in leakage
currents that can end up in flashover, which is the bypassing of electrical insulation by a breakdown
path [8], [9]. Consequently, the material loses its insulation properties. A dielectric breakdown can
lead to surface damage, material loss, and eventually breakdown of electrical insulators. On that
account, the addition of anti-icing and self-cleaning properties to high-voltage insulators becomes
a necessity [10-12].

It is envisioned that superhydrophobic coatings on electrical insulators could lead to
enhanced performance and prolonged service life of insulators due to facile water and
contamination removal from their surface [13]. Superhydrophobic coatings which are inspired by
nature, such as lotus leaf, have been of interest to many researchers [14].

However, the biggest challenge in the application of superhydrophobic coatings is their
low durability. The superhydrophobicity property of these coatings can be suppressed in two ways,
either by damage to the physical structure of the coating caused by impact or abrasion which would
lead to a decrease in the surface roughness or to an increase of contact area between the solid
substrate and water. Loss of superhydrophobicity can also be a result of an increase in surface
energy which can be caused by contamination, irradiation, or damage to the low surface energy
hydrophobic layer [15].



In order to increase the potential applications of superhydrophobic coatings, the low
durability of these coatings has to be addressed. In this context, regenerative superhydrophobic
coatings are a new technology capable of providing a solution for the mentioned issues. These self-
healing superhydrophobic coatings can improve the durability of the coating by their regenerating
property in the case of chemical or physical damage [16], [17].

1.2 Objectives

The foremost objective of this research is to fabricate regenerative superhydrophobic
coatings for application in electrical insulators. Next chapter (Second Chapter) proposes an
exhaustive literature review on the matter. Considering the conducted literature review,
development of a silicone-based superhydrophobic coating along with a careful selection of proper
chemical compositions will be the focus of this research. The sub-objectives of this research are
presented in detail below:

» Selection of the best principle to create regenerative superhydrophobic coatings based on
the electrical application.

» Development of a regenerative superhydrophobic coating considering the most suitable
fabrication method regarding the chosen material.

» Studying the regenerative superhydrophobicity efficiency of the developed coating through
several cycles of superhydrophobicity deterioration and regeneration cycles.

» Coating optimization by implementing changes regarding the selected materials, additives,
and synthesis parameters.

1.3 Methodology

The key objective of this research is fabrication of a regenerative superhydrophobic coating
for electrical insulators which can heal its superhydrophobicity in case of a loss of this property.
Therefore, based on the literature review provided in the following chapter, a coating containing
hydrophobic resin with a suitable choice of nano and micro particles and superhydrophobicity
healing agents is designed and optimized. The proposed coating has both the required hierarchical
topography and the low surface energy that would pave the way toward the main objective.

The first step would be determination of a suitable matrix, micro-nano particles, and
superhydrophobic regenerative agents. This choice is made based on various factors such as final
application, compatibility, desired properties, price, and etc.

In case of superhydrophobicity loss, the superhydrophobicity healing agents would migrate
to the coating surface to decrease the surface energy, thus regenerating the superhydrophobicity.
This migration to the surface can be done automatically due to a difference in surface layer energy
or can be triggered by external stimuli such as heat or humidity. After extensive research on various

superhydrophobicity regenerative agents, a suitable combination was chosen for this research. The
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superhydrophobicity regeneration ability of each of the chosen superhydrophobicity regenerative
agents will be tested and analyzed in this thesis to find the finest optimization of coating component
ratios. The final coating mixture is spin-coated on the substrates and thermally cured. This
fabrication method is chosen due to ease of use and scale-up.

The wettability and physicochemical characterization of the coating were measured by
water contact angle goniometer, 3D Profilometer, scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS). Ice push-
off test and Centrifuge Adhesion Test (CAT) will reveal the ice adhesion strength of the developed
coating as well.

Regarding the main objective of this coating development, which is superhydrophobicity
regeneration, this capability will be tested by immersion in solutions with various pH and air plasma
deterioration. A summary of the methodology chosen for this work is presented in (Figure 3).

Fabrication of regenerative superhydrophobic coating
Choice of Nano/Micro - - Choice of SHP
: Choice of matrix :
particles regenerative agents
FTIR Various pH
Spin coated on irmnersi[:m
I i substrates
ce push-o T
© —  deterioration
CAT
. Profilometry
Icing /de-icing /
cycles i SEM
Coating SHP regeneration =
Characterization characterization
Profilometry FTIR
Contact Angle )
measurement ZES

Figure 3. A summary of the methodology used in this research. © Helya Khademsameni, 2023

1.4 Originality statement

This research carries along a comprehensive look at the development of regenerative
superhydrophobic coatings, with regard to the final application which is electrical insulators. This
final application bounds the coating to withstand specific conditions, which makes this research
original in the field of superhydrophobic coatings.

The choice of superhydrophobicity healing agents in the matrix and the associated
advantages are the main originality of this work, due to its unicity compared to the other work
proposed in this field. Moreover, the study of icephobicity in this work is original compared to the
typical literature present in the same field.

This research fills a gap in the research work already done in the domain. Development of
a regenerative superhydrophobic coating, which is intended for use on electrical insulators,
embedded with the chosen superhydrophobicity agents, benefiting from this simultaneous presence,
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and the fabrication and the presented analysis make this research original. The literature review
presented in this work is carefully structured, therefore not only it presents a thorough study of
other research in the domain, but also follows a logical path and has a high coherence. The
presented research explains the literature review and then builds the experimental procedure based
on it.

1.5 Memoire Outline

This section provides a summary of the following chapters of this research dissertation.
The context of each chapter is complementary to the previous one and they are coherent in the
means of context.

Chapter 2.

This chapter is dedicated to familiarizing the readers with the overall idea behind this study.
A thorough literature review prepares the reader to understand the basics of this research and
provides a coherent bridge to the next chapter. This chapter starts with introducing
superhydrophobicity and discusses principal wetting theories. Dynamic water contact angle,
contact angle hysteresis, and sliding angle are here explained. Effect of superhydrophobicity on
icephobicity and ice adhesion measurement is reviewed. Fabrication methods and materials used
for development of superhydrophobic coatings are also elaborated. After presenting various
applications of superhydrophobic surfaces, low durability is mentioned as the technological
limitation of these surfaces. To find a solution for this drawback, regenerative superhydrophobic
coatings are introduced. Coatings with the ability to regain their superhydrophobicity after suffering
damage leading to loss of superhydrophobicity are the focus of this chapter. These coatings are
categorized based on their healing principles, categories that are explained at length.

Chapter 3.

After providing a complete literature review, the third chapter focuses on the experimental
section of this research. It starts with a presentation of the material used in this research and an
explanation of the role played by each material used in the coating. Afterward, the process of
coating preparation using the mentioned material is discussed. The reader will read the step-by-
step procedure the researcher used to develop the coatings in this study. In order to study the effect
of superhydrophobicity regeneration agents individually and optimize the coating formulation, the
coating preparation is divided into two steps, which are clearly explained in this chapter. This
chapter also takes a look at the characterization methods and tests that are used in this research.
Tests with the objective of coating characterization, superhydrophobicity regeneration evaluation,
and ice adhesion measurement are introduced and discussed in this chapter.

Chapter 4.



The fourth chapter is focused on presenting and discussing the results gained following the
previous chapter. It starts by providing data on the prepared coatings as elaborated in the previous
chapter. Coating thickness, coating dynamic, and static water contact angles are discussed. During
the first phase, with the help of a preliminary plasma deterioration and observing the changes in
the water contact angle, effect of the used superhydrophobicity regeneration agents is determined.
Using a more complex set of plasma deterioration tests will allow a better optimization as is
conducted in the second phase of this chapter. After finalizing the coating formulation based on the
conducted optimization, water repellency and self-cleaning ability of the developed coating are
measured. The superhydrophobicity regeneration ability of the developed coating and reference
ones are demonstrated and compared in this chapter, followed by an ice adhesion study on the
mentioned samples. Various characterization tests such as SEM, FT-IR, XPS, and profilometry are
also presented in this chapter.

Chapter 5.

The fifth and final chapter provides a complete review of the precedent chapters and
provides conclusive remarks and observations. By reading this chapter the reader will understand
the path taken from the beginning to the final steps of this research. Conclusions allow to
understand where the research meets the main objectives designated for this study. The provided
conclusions are followed by recommendations that could be complementary steps to the present
research, leading the path to possible future researchers in this field.



SECOND CHAPTER
LITERATURE REVIEW

2.1 Introduction

In recent years, there have been many spotlights put on the development of
superhydrophobic materials. These materials are defined by their static water contact angle of more
than 150° and contact angle hysteresis and sliding angle of less than 10°, characteristics which are
achieved by a combined implementation of low surface energy materials and micro-nano surface
roughness [19]. On account of these remarkable characteristics, superhydrophobic materials
demonstrate great water repellency and self-cleaning behavior. Properties which have led to vast
application of these materials for water-oil separation, anti-corrosion, anti-icing, etc. [15], [20].

Nevertheless, these materials suffer from drawbacks as well. The main drawback of
superhydrophobic surfaces is their low durability. Low durability of superhydrophobic materials in
real-life conditions could limit and prevent their use in large-scale or industrial applications.
Therefore, several research have been shifted into the direction of tackling this issue. A potential
solution could be regenerative superhydrophobic materials, materials that after a loss of
superhydrophobicity, can regain it [16], [17].

In this chapter, we elaborate on the fundamentals of superhydrophobicity and wetting
theories. We continue to distinguish the relation between superhydrophobicity and icephobicity.
We take a glance at fabrication methods of superhydrophobic surfaces and take a deeper look into
superhydrophobic silicone elastomer coatings. After discussing the possible applications of these
technologies, we address the challenges of superhydrophobic coatings. Regenerative
superhydrophobic coatings are an area of research that could be an answer to the long-lasting
challenge of superhydrophobic coatings, which is low durability. The last section of this chapter
discusses in length the principles of these coatings and introduces the characterization methods
applied to regenerative superhydrophobic coatings.

2.2 Different wetting regimes and superhydrophobicity

Wettability of a surface is governed by the water droplet contact angle (CA) on a solid
surface. Various wetting models attempt to demonstrate wettability of a surface. These models or
theories point out the influential factors for wetting phenomena such as surface energy or roughness
of the structures (Figure 4) [21]. Young, Wenzel, and Cassie-Baxter are the principal wetting
theories explaining the governing rules on the wetting of surfaces. Young’s equation focuses on
the equilibrium of interaction forces of a drop on a perfectly smooth and chemically homogeneous
solid surface (Equation 1, [22]).

SV—ySL
cosf = Y)/Tl)// Equation 1. Young's equation



In the mentioned equation, 0 is the contact angle, and Y'sy, Y'st, and Yy are the interfacial
tension of the solid-vapor, solid-liquid, and liquid-vapor interfaces. However, most of the surfaces
are not perfectly smooth. Researchers such as Wenzel and Cassie-Baxter tried to find a relationship
between surface tension, roughness, and contact angle, in order to demonstrate a more realistic
model governing surface wettability. Wenzel’s model establishes a relation between the surface
energy, contact angle, and surface roughness (Equation 2, [23]), however, this model is based on
homogeneous wetting state which does not include all the wetting states. Based on this model, by
the addition of roughness, a hydrophilic surface could become superhydrophilic and a hydrophobic
one could turn into a superhydrophobic surface.

r —
cos Bw = M = rcosf Equation 2. Wenzel's equation
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In this equation 6y, is the apparent contact angle on the rough surface, 8 is Young's contact
angle on a similar smooth surface, and r is the surface roughness factor which is as follows:

_ Areal
r = —
Aproj ected

Meanwhile, the Cassie—Baxter model, also known as the composite or heterogeneous state,
is a wetting state where it is considered that the grooves under the droplet are filled with air instead
of liquid. This model suggests that low contact angle hysteresis (CAH) and high contact angle (CA)
on porous surfaces are a consequence of air entrapment in the pores of the structure which in turn
is responsible for diminishing the contact between water droplets and the solid surface (Equation
3, [24]). The trapped air can prevent dust deposition by diminishing the attachment of the deposited
dust layers [25].

cos Ocs = fSL cosO + fSL -1 Equation 3. Cassie-Baxter equation

In this equation (Equation 3) 6cgis the Cassie-Baxter contact angle, 0 is the Young's contact
angle, and fsy. is the ratio between the total area of solid-liquid interface and the total area of solid-
liquid plus the liquid-air interface of the projected area.

In addition, by including the roughness factor of the wetted surface area, rf, the Cassie-
Baxter equation is modified to the equation mentioned below (Equation 4, [26]): [14], [27-30]

cos Bcs = TffSL cosf + fSL -1 Equation 4. Cassie-Baxter modified equation



Cassie Baxter
State
(Metastable)

Receding
Contact
ggangle

000000

Wenzel State (Stable) &
‘ ’ . . ‘ ’ ’ Intermediate State .

Free Energy

Fd

Advancing

Contact
angle

.................................

Figure 4. The wetting model of (a) Young, (b) Wenzel, and (c) Cassie- Baxter. (d) Advancing and receding contact
angle, (e surface tension and surface free energy, and (f) Free energy schematic plot [21] (Reproduced with
permission from Springer Nature).

Koishi et al. [31] showed that the two states of Wenzel and Cassie-Baxter can coexist on a
nanopillar surface. Their research on a pillared hydrophobic surface showed that there is a critical
pillar height beyond which water droplets on pillared hydrophobic surfaces can be in the bistable
Wenzel/Cassie state.

To have a better understanding of superhydrophobicity, we can define it by measuring the
water contact angle (WCA) which should be higher than 150°, and the water sliding angle (WSA)
which should be less than 10°. In order to design a superhydrophobic surface, two main parameters
are essential: (i) low surface energy and (ii) creating micro-and nano-hierarchical roughness on the
material surface. By reducing the surface energy and creating micro-nano-level roughness which
significantly reduces the contact between the solid surface and water droplets, superhydrophobicity
can be achieved. To decrease the surface energy, direct addition of a layer of low-surface energy
material on the surface in the form of a coating can be implemented. In another approach, low
surface energy materials can be attached to the surface of nanomaterials. These modified
nanomaterials can be deposited afterward on the solid surface [32], [33], [15].

Nevertheless, there are more variables crucial in defining a surface superhydrophobic. Of
which, sliding angle is the critical angle at which a droplet situated on the surface starts to slide
down [34]. A droplet situated on an inclined surface is governed by gravity forcing it to slide down
the surface (advancing) and contact angle hysteresis (receding) at the upper side (Figure 4, d and
Figure 5). The droplet deforms into an asymmetrical shape and moves only after the deformity
reaches a certain point. The contact angle at the lower side is the advancing contact angle (8a), and
the contact angle at the upper side is called the receding contact angle (0r). The more the difference
between these two measures is, the more the droplet is likely to wet the surface and the less it is,
the droplet is likely to repel from the surface [15]. The sliding angle can be determined by the
Furmidge equation (Equation 5, [35]):
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Where Yy is the surface tension, F and w are gravitational force and width of the contact
area of the liquid droplet respectively (Figure 4, e). The difference between the advancing (6.) and
receding (0;) angles of a droplet, defined as contact angle hysteresis (CAH), correlates with the
sliding angle (o) or tilt angle (Figure 5). The advancing and receding contact angle of a surface is
dependent on the surface roughness and the chemical heterogeneity of it [36], [37].
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Figure 5. Static and dynamic contact angle schematic [38] (Reproduced with permission from American Chemical
Society).

2.3 Superhydrophobicity and icephobicity

Superhydrophobicity can be used as a passive approach to prevent ice accumulation
utilizing the mechanism of delay in ice nucleation time (Figure 6). Although there is some research
suggesting that not all superhydrophobic surfaces present icephobic properties, an example of
which could be observed increase of ice adhesion during condensation at low temperatures due to
the possibility of an increased wetting of the surface roughness [39], [40] As the interfacial area
between the water droplet and the substrate is smaller, the nucleation points are less. Moreover, the
micro/nanostructure topography can lead to a reduction in heat transfer between the substrate and
the water droplet. Finally, superhydrophobic surfaces can have less rebounding time for the same
water droplet, which could be less than the time required for ice nucleation, leading to a delay or
prevention of ice formation [5], [41].



Effect of Superhydrophobicity on delaying ice formation
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Figure 6. Mechanisms governing ice accumulation and ice nucleation delay on superhydrophobic surfaces [5]
(Reproduced with permission from IEEE).

Finally, superhydrophobicity can potentially reduce the ice adhesion strength. Ice adhesion
strength can be defined as the maximum force required to remove ice from a surface divided by the
interfacial surface area of the ice and the substrate. The simultaneous effect of low-surface energy
material and micro and/or nanostructure topography leads to high water contact angle and low
contact angle hysteresis, decreasing the ice-surface interfacial area and consequently reducing the
ice adhesion strength [42].

2.4 Superhydrophobic surfaces fabrication methods

Superhydrophobicity is the result of an appropriate combination of roughness, surface
texture, and low surface energy materials (Figure 7). The fabrication methods of superhydrophobic
coatings can be divided into three groups: (1) Top-down approach, (2) Bottom-up approach, and
(3) a combination of both. Top-down approaches generally contain material removal of the surface
by carving, machining, or using molding methods. For creation of superhydrophobic surfaces using
the top-down method, lithography, templating, micromachining, plasma treatments, and etching
can be mentioned. Bottom-up approaches contain deposition of materials onto a surface, via
methods such as chemical vapor deposition (CVD), electrochemical deposition, layer-by-layer
(LbL) deposition, sol—gel, spin coating, and so on [43], [15].
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Figure 7. Different superhydrophobic surfaces fabrication methods [44].

Each of the mentioned fabrication methods has its advantages and disadvantages (Table 1).
Based on the application of the final coating, the most suitable method can be chosen.

Table 1. Advantages and disadvantages of Superhydrophobic coatings’ fabrication methods [33] (Reproduced with

permission from Elsevier).

Chemical vapor deposition (CVD)

Physical vapor deposition (PVD)

Thermal Spray Method

In-situ Polymerization

Spin-coating

Dip-coating

Electrodeposition

Low deterioration

Low oxidation

Low defect

High quality coating

Thickness controllable
Complex surfaces

High quality coating

Suitable for almost inorganic compounds
Eco- friendly technique

Wide variety of coating materials
‘Wide variety of substrates

Low cost

Contamination free

Suitable for insoluble polymers
High miscibility

High quality coating

Quick dry

Thickness controllable
Complex surface

Industrial scale

Materials reusable

High quality coating

Low cost

Simple manufacturing process

Selective substrates
High cost

Preparative methods Advantages Disadvantages
Sol-Gel ® Complex surfaces ® Crackability
® High quality films ® Thickness limits
® Mechanical stresses
Cold Spray Low temperature ® High energy consumption
.
.

High temperature
High cost

® Low temperature

@ High pressure or high vacuums required
® Expensive technique

@ Difficult to prepare thick coating

® Low adhesion with complex surface

® Environmental problems (noisy, fumes...)
® Complex processes

High cost

Small scale

Small surface

Smooth surface

Laboratory scale

Large amount of solvents

Only for soluble polymers

Environmental issues
Time consuming
Non-Uniform coatings
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One of the bottom-up approaches to the fabrication of superhydrophobic coatings is spin-
coating. Spin-coating enables researchers to fabricate uniform and fine coatings. The machine is
composed of a vacuum suction and rotation system that keeps in place a substrate. By deposition
of a small quantity of the coating mixture on the substrate, the excess mixture is removed from the
substrate by the centrifuge force and a fine coating of controlled thickness is placed on the surface
(Figure 8). By changes in the speed and time of the spin-coater, the desired thickness of the final
coating can be achieved [45].

-
[l
L

Deposition Spin-up
(c) @ (d)
e
Spin-off Evaporation

Figure 8. Spin coating process presented in a schematic figure [45].

Due to ease of use and scale-up of this method, spin coating was chosen as the intended
fabrication method for this research.

2.5 Superhydrophobic silicone elastomer coatings

The importance of material choice in the fabrication of superhydrophobic coatings should
not be underestimated. The matrices used for this purpose are generally low surface energy
materials. Of which, Polysiloxanes (—Si—O-Si— groups) [46], fluorocarbons (CF»/CF3), and
nonpolar materials (containing bulky CH,/CH3 groups) are popular choices due to their low surface
energy, their nonpolar chemistry, and closely packed stable atomic structures [47]. Among them,
silicones, which their classification is rather wide, have gained attention in recent years [48].

As for silicone polymers, polydimethylsiloxanes (PDMS) have been used for protective
coatings due to their exceptional properties such as great thermal and chemical stability,
biocompatibility, dielectric resistance, abrasion resistance, UV resistance, and low surface energy
[49]. Polydimethylsiloxanes consist of stable Si-O bonds and two monovalent organic radicals
attached to each silicon atom (Figure 9) [50]. The relatively low T, of PDMS silicones makes them
an excellent choice as a matrix for outdoor insulations, automobile and electronics industries,
cookware, and so on [51-53].
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Figure 9. The molecular structures of PDMS [54] (Reproduced with permission from John Wiley and Sons).

PDMS superhydrophobic films containing particles can be coated on various substrates by
a wide range of methods such as spray coating, dip coating, and so forth. In addition to other superb
properties of silicone rubber, these materials are well known for their hydrophobic recovery
properties. Silicone-based materials which lose their initial hydrophobicity, can regain their
hydrophobicity [55]; migration of free low molecular weight siloxane (LMWS) in non-crosslinked
matrix from the bulk to the surface, reorientation of polar and nonpolar groups in the bulk and
surface and condensation of the hydroxyl groups on the surface are among the known mechanisms
behind this hydrophobic recovery (Figure 10) [9], [43], [44].

Mechanism of hydrophobicity recovery of
the surface-hydrophilic
poly(dimethylsiloxane) films

Hydrophilic CPEMISOrption . 4rophobi
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7 a ¢
8 8
volatilize Re-deposition

Figure 10. A schematic of the hydrophobicity recovery of poly (dimethyl siloxane) films with hydrophilic surfaces [59]
(Reproduced with permission from Langmuir).

Since one of the best ways to fabricate superhydrophobic coatings would be incorporation
of micro and nanoparticles due to their role in the creation of hierarchical structure on the surface,
the choice of'silica particles would be a suitable one owing to their low toxicity and environmental
impacts [15]. For example in one work, Li et al. [18] fabricated a robust and flexible bulk
superhydrophobic PDMS/silica film by UV curing and solvent evaporation method. This bulk
superhydrophobic film is fabricated via thiol-ene photopolymerization. The simultaneous effect of
presence of silica particles and porous structure throughout the whole film ended in high robustness
of the superhydrophobicity.
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Based on the literature review done in this section and with the final application of the
coating, which is for electrical insulators, PDMS-based resins are chosen as the matrix of the
intended coating. Incorporation of micro and nanoparticles would be an effective way to create the
hierarchical topography and lower the surface energy of the coating which are the requirements of
superhydrophobicity, which would be the chosen approach for this research as well.

2.6 Applications of superhydrophobic coatings

Superhydrophobic surfaces can play a crucial role in a wide variety of applications (Figure
11) such as self-cleaning, corrosion resistance, anti-icing, water, and oil separation, drag reduction,
and so on [60-64]. In addition to the mentioned areas of applications, superhydrophobic coatings,
in general, could help with the reduction in the elimination or reduction of manual labor and the
cost and time used for cleaning the final products [65].
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Figure 11. Various applications of superhydrophobic surfaces [30] (Reproduced with permission from Elsevier).

One of the interesting areas of application of superhydrophobic coatings is high voltage
insulators.  For  instance, Li et al[l3] developed a  superhydrophobic
poly(dimethylsiloxane)/modified nano-silica (PDMS/modified nanosilica) coating to reduce ice
accumulation on insulators. These coatings helped the insulators increase the flashover voltage.

In another work, Zuo et al. [66] fabricated superhydrophobic coatings with a contact angle
(CA) of 161° and a sliding angle (SA) of 1°. Their coating was a combination of hydrophobic
fumed silica nanoparticles, fluorosilicone resin, and epoxy resin and was sprayed on the glass
insulators. The fabricated coatings increased the ice flashover voltage from 74 kV to 94 kV.
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2.7 Challenges and drawbacks of superhydrophobic coatings

Superhydrophobic coatings could bring along some challenges and drawbacks, either in
preparation step or after fabrication. One of the limitations of superhydrophobic coatings
implementation in large-scale applications is their low durability. Stability throughout long periods
is one of the challenges that superhydrophobic coatings face nowadays.

Surface structures containing micro or nano roughness are more prone to damage caused
by mechanical stress compared to regular surfaces. The superhydrophobicity property of these
coatings can be suppressed in two ways, either by damage to the physical structure of the coating
caused by impact or abrasion which would lead to an increase of contact area between the solid
substrate and water, or by an increase in surface energy which can be caused by contamination,
irradiation, or any damage to the low surface energy hydrophobic layer.

The durability of superhydrophobic coatings can be categorized into 1) Environmental
durability and 2) Durability against mechanical forces. Upon the area of application, the coatings
are expected to show durability in various circumstances. The method used for the coating
robustness evaluation should be according to the application of the superhydrophobic surface [67].
If the coating is designed to be used outdoors, environmental robustness is crucial. Tests such as
UV radiation, ozone durability test, and acid dew and fog test (ADF) could show the environmental
durability test [68-70]. Mechanical stability is an area of interest when it comes to
superhydrophobic coatings. Various characterization methods for mechanical stability have been
suggested, and each of them focuses on a specific aspect of the mechanical properties of the coating.
The durability against mechanical forces can be examined via various methods, such as sandpaper
abrasion, drop impact durability, and so on.

Mechanical abrasion with the help of sandpaper or a known textile is the most approached
method for testing the mechanical durability of superhydrophobic coatings [71]. Wang et al. [72]
fabricated a superhydrophobic coating with the mechanical stability of 100 abrasion cycles with
sandpaper. The tested coating was a polytetrafluoroethylene/polyvinylidene fluoride (PTFE/PVDF)
composite which maintained a high contact angle throughout the test.

Another test to characterize the mechanical properties of a coating is sand abrasion. Sand
impact test is done using a funnel full of sand over the sample placed tilted [71]. Ellinas et al. [73]
fabricated self-healing superhydrophobic coatings which lasted for 10 abrasion impact tests. The
epoxy-based coatings used in this research were spray-coated with a PS/SiO, dispersion and a
PDMS-based solution. These coatings also regained superhydrophobicity after air plasma treatment.

Li et al. [74] used 120 pm to 260 um sand grains to test the mechanical durability of their
self-healing superhydrophobic coatings. The sprayed coatings of polyelectrolyte complexes of poly
(allylamine hydrochloride) sulfonated poly (ether ether ketone) (PAH—SPEEK), poly (acrylic acid)
(PAA), healing agents of perfluorooctanesulfonic acid lithium salt (PFOS) and 1H,1H,2H,2H-
perfluorooctyltriethoxysilane (POTS) on the surface showed durability after a 1h sand impact test
from a height of 30 cm. By increasing the height to 2 m, after only 15 min the SA of the coating
rises to 30° (Figure 12). However, after being kept in an environment of 40% RH for 3 h, the SA
drops to 2°.
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Figure 12. Schematic figure of a sand abrasion test [74] (Reproduced with permission from John Wiley and Sons).

Therefore, it can be concluded that fabrication of a robust superhydrophobic coating by
modifying the chemical or physical properties is in demand. Designing strategies for a robust
superhydrophobic coating can be categorized into passive and active strategies. Passive resistance
strategies are the ones helping the surface retain the superhydrophobicity after wear [75]. This can
be achieved by strengthening the superhydrophobic properties, with the help of methods such as
incorporation of elastic composition to absorb the shocks, increasing the crosslinking sites,

increasing the interactions between components, or increasing the adhesion of the coating and
substrate [17], [76-80].

Peng et al. [81] made a superhydrophobic fluorinated epoxy-based coating with high
robustness based on a passive resistance strategy. Perfluoropolyether (Krytox oil) was added to the
fluorinated epoxy to increase the hydrophobicity and mechanical flexibility.
Polytetrafluoroethylene (PTFE) nanoparticles were also added to create superhydrophobic coatings.
The fabricated coatings showed great mechanical robustness under tape peel (adhesion) test,
crosshatch test, and Taber abrasion technique. They benefited from the simultaneous effect of 1) A
coating design that experiences failure in a self-similar manner, meaning after being exposed to
damage the affected parts of the coating will be the same in texture and functionality as the
undamaged layer and 2) once a droplet or jet imposes impact on the coating, the coating would be
able to decrease the impact by softening the peak pressure. Peng managed to use a multi-
fluorination strategy to achieve the two design strategies mentioned to improve the robustness.

The active method concentrates on superhydrophobicity regeneration after deterioration
which can be done by approaches such as self-healing or easy repair strategies [75]. Among those,
the former is the focus of this research and will be explained in the following.

2.8 Regenerative superhydrophobic coatings

Regenerative superhydrophobic coatings are a potential solution to address the durability
issue associated with superhydrophobic coatings. Regenerative superhydrophobic coatings could
be defined as coatings capable of recovering their superhydrophobicity property via self-healing,
after losing it due to inevitable deterioration. The concept of self-healing comes from biology, some
plants, for example, use this strategy to keep their superhydrophobicity by restoring the epicuticular
wax layer [17]. Some plants such as lotus or clover obtain the ability to self-heal the
superhydrophobic properties of their leaves. The presence of regenerable epicuticular wax within
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the leaves enables these plants to replace the damaged wax layer with a new one. This ability
enables these plants to self-heal their superhydrophobicity [82].

2.8.1 Regenerative Superhydrophobicity Principles

Regenerative superhydrophobic coatings can be divided based on their healing principles
and the type of damage inflicted on the coating. These coatings can be categorized into three
categories (Figure 13). First, the low surface energy material incorporated within the matrix of the
coating, migrates to the surface after the low surface energy layer on top of the coating is ruined.
This migration to the surface can end up in the regeneration of superhydrophobicity and can be
either done with or without any external stimuli such as heat or humidity. The damage to the
superhydrophobic layer of these coatings is either due to chemical damage or abrasion.

In the second category, in the situation that the micro/nano structure on the coating is
destroyed, the surface topography is healed and therefore the coating becomes superhydrophobic
once again. In this case, the coating loses its superhydrophobicity either due to scratch damage or
a cut posed upon the coating. Some researchers tend to use a hybrid solution and combine both
mentioned principles as the third approach to ensure their regenerative superhydrophobic coatings
function accordingly.
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Figure 13. Superhydrophobic coatings possible damages: 1) chemical, II) micro-nano structural, and Ill) combination
of the two. The figure also mentions the repair strategies for each category of possible damage [16] (Reproduced with
permission from John Wiley and Sons).

In this part, a deeper look into fabrication methods of regenerative superhydrophobic
coatings based on healing principles is presented (Figure 14). Each part will discuss the healing
methods and provides examples of the research done in that area.
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Figure 14. Regenerative superhydrophobic coatings based on their healing principles © Helya Khademsameni, 2023.

2.8.1.1. Transportation of low-surface energy materials to the surface

The first approach toward fabrication of regenerative superhydrophobic surfaces can be
done via migration of low-surface energy materials to the surface. This can be achieved by storing
hydrophobic material inside the coating which eventually migrates to the surface after deterioration
of superhydrophobicity. When the low-surface energy layer is decomposed or degraded, the low-
surface energy substances stored in the structures are released automatically or under external
stimuli treatment (e.g., humidity [83], UV light [84], temperature [85], etc. [86]). The spontaneous
or stimulated transportation of low-surface energy material occurs due to the difference in the
surface energy of the stored hydrophobic material and the surface which has higher surface energy.
In most cases, spontaneous migration can take more time for healing in comparison to external
stimuli healing approaches.

Various approaches have been implemented to benefit from this healing principle which
could be summarized in incorporation of healing agents or oil/wax either in the bulk of the coating
or in the form of capsules dispersed within the coating.

2.8.1.1.1 Incorporation of healing agents in the matrix

Some researchers focused on the incorporation of functionalized or unfunctionalized
nanoparticles within the matrix alongside healing agents. H. Zhou et al. [87] prepared a stable
dispersion network of Zonyl321, fluorinated alkyl silane (FAS), and polytetrafluoroethylene (PTFE)
nanoparticles in water. The synergetic interaction among Zonyl321, FAS, and PTFE in the solution
made it possible to almost make a stable dispersion and created a superhydrophobic coating. After
the superhydrophobicity was deteriorated by plasma etching, the samples were heated at 135 °C
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for 10 min. The heat was applied to assist the migration of small FAS molecules to the surface and
make the surface superhydrophobic again.

Li et al. [74] created regenerative superhydrophobic poly (acrylic acid) (PAA)/ poly
(allylamine hydrochloride)-sulfonated poly (ether ether ketone) PAH-SPEEK coatings. On the first
try, the author found out spraying a solution containing 1H, 1H, 2H, 2H-
perfluorooctyltriethoxysilane (POTS) onto the (PAA)/ PAH-SPEEK) *80 (where 80 is the number
of spraying cycles) base coating would not result in fabrication of superhydrophobic coating. Due
to the superhydrophilicity of the (PAA/PAH-SPEEK) *80 coatings, the adhesion of the
superhydrophobic POTS on the surface would not be a strong one, leading to an unsuccessful
attempt of creating superhydrophobic surfaces. This obstacle was overcome by spraying
perfluorooctanesulfonic acid lithium salt (PFOS) on the coating prior to spraying a POTS layer.
The electrostatic interactions between the sulfonate group of the PFOS molecules and protonated
amine groups in the PAH lead to loading of PFOS on these coatings. After loading of PFOS, the
surface of the (PAA/PAH—SPEEK) *80 became superhydrophobic, therefore attachment of POTS
and diffusion into the inner pores of the coating was facilitated.

The coatings were prone to O, plasma treatment. Plasma treatment decomposed the PFOS
layer and caused the formation of hydrophilic groups on the surface, meaning a loss in the
superhydrophobic properties of the coating. Nevertheless, while left at ambient environment for 4h
the PFOS preserved in the structures released and migrated to the surface, causing a decrease in the
surface energy of the coating and recreation of superhydrophobicity. The (POTS/PFOS—
(PAA/PAH-SPEEK) *80) coatings could regain their superhydrophobicity for 25 cycles of
etching/healing.

Another approach could be use of CVD method to make a hydrophilic surface into a
regenerative superhydrophobic one, such as the work of the same author in an earlier research [88]
which was centered on chemical vapor deposition of POTS on (PAH-SPEEK/PAA)so.5, in which
60.5 is the number of deposition cycle (Figure 15). In both aforementioned research, the low-
surface material was diffused within the porous matrix, and upon migration of the low-surface
energy layer to the top surface regenerative superhydrophobic coatings were obtained.
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Figure 15. a) A POTS containing self-healing superhydrophobic coating schematic: 1) Pristine; 2) After
superhydrophobicity loss due to the top fluoroalkylsilane layer decomposition; 3) Migration of preserved healing
agents to the surface and the superhydrophobicity healing process [88] (Reproduced with permission from John Wiley
and Sons).

One of the main challenges of using nanoparticles in the coating is their tendency to
agglomerate. Therefore, researchers try to achieve a good dispersion of nanoparticles within the
coating with various techniques. One of those is Chemical Solution Deposition or Sol-Gel method
which is one of the conventional fabrication methods of superhydrophobic coatings as well [89],
[14].

Lahiri et al. [90] fabricated H3;BOs-incorporated SiO,—alkyl-silane superhydrophobic
fabric coatings via sol-gel. Presence of H3BOs in the coating delivers a dual benefit for the coating.
Firstly, the reaction of H3BO3 and SiO, nanoparticles form a nonporous structure which is beneficial
for storing the healing agents. Secondly, it creates a strong bond between the SiO, and
prehydrolyzed hexadecyltrimethoxysilane (HDTMS) in the coating, resulting in high durability due
to the high bonding energy between silanol groups and H3BOs. After air plasma treatment the loss
of superhydrophobicity in the samples was observed. However, after 12 h in ambient temperature,
by migration of H3;BO3;—SiO,—HDTMS/PDMS chains to the surface WCAs increased to even
higher than 150° and recovered the superhydrophobicity of the coatings.

2.8.1.1.2 Incorporation of oil/wax in the matrix

To achieve regenerative superhydrophobicity, some researchers store oil or wax within the
matrix. In one example, n-Nonadecane wax was stored within the PDMS matrix [82]. Due to the
low melting temperature of the wax, after the degradation of the low surface energy layer, the wax
easily migrates to the surface, leading to a regenerated superhydrophobic surface. Choice of PDMS
as the matrix helped this regeneration as well. The movement of PDMS chains enables the n-
Nonadecane molecules to move through this network and reach the surface.

Weng et al. [91] fabricated a photothermal conversion and conductive coating containing
beeswax, multiwalled carbon nanotubes (MCNTs), and polydimethylsiloxane (PDMS). Beeswax
is a mixture of small molecular compounds with hydrophobic properties such as alkanes, diesters,
and fatty acids. In the comparison of samples containing beeswax (BCP7) and reference samples
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without beeswax (CP7), BCP7 samples showed regeneration of superhydrophobicity after O»
plasma treatment (Figure 16). However, the reference samples were incapable of recovering the
superhydrophobicity following the plasma treatment, indicating beeswax as the healing agent for
the recovery of superhydrophobicity in the BCP7 samples. The difference between the surface
energy of the coating and the bulk triggers a surface reorganization and leads the beeswax to the
surface and consequently regenerates the superhydrophobicity of the coating.

Polar group PDMS MCNTs Beeswax

Figure 16. Schematic of the superhydrophobicity regeneration in a regenerative superhydrophobic coating containing
beeswax [91] (Reproduced with permission from Royal Society of Chemistry).

A combination of both of the above-mentioned approaches can be of interest for the
fabrication of novel regenerative superhydrophobic coatings. However, optimization of various
healing agents and oil/wax, their compatibility, and their effect on the properties of the final coating
must not be neglected.

2.8.1.1.3 Encapsulation of low surface energy materials

Some approaches focus on the encapsulation of low-surface energy material within a
capsule that can be emitted and substitute the low-surface energy layer [92], [93], which is the basis
of the research that Rao et al. [94] conducted. Their UV-responsive capsules could release
superhydrophobic FAS upon degradation and recreate the superhydrophobicity.

In a similar research, Cong et al. [95] fabricated a regenerative superhydrophobic coating
containing microcapsules which carried low-surface energy FAS-12 (dodecafluoroheptyl-propyl-
trimetoxysilane). They used Pickering emulsion polymerization of styrene using modified SiO, and
TiO; nanoparticles as Pickering agents in their experiments. The capsules were then mixed with
FAS-17 (heptadecafluoro-1,1,2,2-tetradecyl trimethoxy silane)-modified SiO, and polysiloxane
latex. After exposure to UV, the FAS-12 in the capsules was released due to photo-catalyzed
degradation of polystyrene. The released FAS-12 migrated to the surface and recovered the loss of
superhydrophobicity.

Although encapsulation method can be of interest in fabrication of self-healing
superhydrophobic coatings, various parameters such as compatibility of the core and shell,
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durability of the capsules, dispersion of the capsules, on-time response of the capsules to the
external stimuli, and several other parameters must be considered [76], [96], [97].

2.8.1.2. Regeneration of hierarchical topography

Regeneration of hierarchical topography is the second principle of creating regenerative
superhydrophobic coatings. After the surface roughness is destroyed, the hierarchical topography
of the coating is regenerated which can end up showing superhydrophobic properties once again.
One of the challenges in this method is to be able to regenerate the former hierarchical structure
with different length scales [98]. Several research has been done with a focus on self-regenerating
topography of superhydrophobic coatings [99], [100].

First to mention, is the re-arrangement of components in the coating with the aim of
regeneration of the hierarchical topography [101], [102]. Nevertheless, this approach is efficient if
the loss of superhydrophobicity due to scratches or cuts are too severe. In this case, regeneration of
the topography should also include regeneration in the bulk of the coating. In most cases, these
regenerations are stimuli driven [98]. Nonetheless, there is some research with a focus on stimuli-
free regeneration of self-healing which open a new door in this field of research [103].

2.8.1.2.1 Incorporation of Nanoparticles for surface topography regenerating

The presence of nanoparticles could help with the regeneration of the surface topography
by rearrangement of the coating components. Wu et al. [104] prepared a coated film of
polycaprolactone (PCL)/poly (vinyl alcohol) (PVA) with a layer of Ag nanoparticles and Ag
nanowires (AgNPs-AgNWs) and modified it with 1H,1H,2H,2H-perfluorodecanethiol (PFDT) to
reduce the surface energy. The coating was damaged by abrasion using a scalpel or knife and
resulted in a loss of superhydrophobicity. Upon the application of a 4 V voltage (0.31 W.cm™) for
1 min the coating retained the superhydrophobic property, confirming a regenerative property. The
film converts the electrical energy into thermal energy, making the hydrophilic (PCL/PVA) *7
(where 7 is the number of spin-coating cycles) films soft, and the film material nearby the damaged
region is driven by the reduction of its surface tension to flow into the damaged area to fill the gap.
Due to the strong adhesion between the PFDT/AgNPs-AgNWs layer and the (PCL/ PVA) *7 films,
the flow of the (PCL/PVA) *7 film causes the separated PFDT/AgNPs-AgNWs layers to move
toward each other. During this process, the damaged region of the PFDT/ AgNPs-
AgNWs/(PCL/PVA) *7 film repairs or is significantly narrowed, and the hydrophilic component
is covered by the hydrophobic PFDT/AgNPs-AgNWs layer resulting in surface regeneration of
superhydrophobicity (Figure 17).
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Figure 17. Superhydrophobicity regeneration schematic in PEDT/AgNPs-AgNWs/(PCL/PVA) *7 film [104]
(Reproduced with permission from John Wiley and Sons).

Some researchers would try to avoid the challenges of achieving a homogenous dispersion
by using the Sol-Gel method. Wang et al. [102] synthesized aligned carbon nanotube bundles
(ACNTB)-Si0O,-silane coupling agent 3-methacryloxypropyltrimethoxysilan (KH570) hierarchical
particles via Sol-Gel and used them to create self-healing superhydrophobic epoxy coatings. The
coatings would regain superhydrophobicity after being damaged, by heat treatment of 300 °C for 9
hr. Not only the heat would degrade epoxy and reveal the nanoparticles within the matrix leading
to the recreation of hierarchical structure, but it could also weaken the interaction between CNT
and SiO,, which could facilitate the migration of SiO, nanoparticles to the surface.

2.8.1.2.2 Smart polymers, such as shape memory polymers

One way to achieve topography regeneration is to rely on shape memory polymers (SMP). SMPs
are stimuli-responsive materials that can restore their original morphology after being temporarily
deformed under the influence of an external stimulus. They can be used to regenerate the surface
roughness and regain superhydrophobicity. In most cases, SMPs can be fabricated by heating the
polymer and crosslinking them to a degree which is higher than their melting point which could
result in a crosslinking reaction in a mold [105-107].

Although the use of SMPs is an effective method in the case of topography regeneration,
the special parameters regarding the fabrication of shape memory polymers could bring along
various challenges.

Gua et al. [108] used the same principle to create aerosol-assisted layer-by-layer chemical
vapor deposition (AA-LbL-CVD) of epoxy resins and PDMS polymer film. The SMP films which
were deteriorated by an external force became superhydrophobic again as they recovered their
initial topography when heated at 85 °C for 5 min (Figure 18).
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Figure 18. AFM of the surface topography of (a) pristine Epoxy/PDMS coating with Ra=611 nm; (b) crushed
Epoxy/PDMS coating with Ra=313 nm; and (c) recovered Epoxy/PDMS with Ra=582 nm [108] (Reproduced with
permission from Royal Society of Chemistry).

Wang et al. [109] managed to develop a superhydrophobic SMP surface that repels water
and oil droplets. They developed a mushroom liked SMP surface based on thiol-ene/acrylate
through a combination of photolithography and reactive ion etching (Figure 19). The
aforementioned surface regained its original morphology prior to deformation due to applied
pressure. The contact angles of both water and n-hexadecane were studied before and after
topography self-healing.
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Figure 19. a) Schematic, SEM images, water contact angle and n-hexadecane contact angle on the reversible stages of
the fabricated coating: The mushroom-like pillar texture and the collapsed pillar texture [109] (Reproduced with
permission from John Wiley and Sons).

2.8.1.2.3 Stimuli-responsive material

One basic approach for surface roughness regeneration is to re-arrange the components in
the coating. Therefore, researchers have employed polymers for structure regeneration that rely on
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rearrangement aggregation. An example of this could be taking advantage of the swelling behavior
of Poly (methyl methacrylate) (PMMA) in water, which can regenerate the surface micro and
nanostructures and regain the superhydrophobicity of the surface [110]. As explained, this method
is limited to some specific group of materials that can be triggered by some unique stimuli.

2.8.1.3. Low surface energy material migration and hierarchical topography
regeneration simultaneous action

Some superhydrophobicity regeneration approaches benefit from a combination of both
principles mentioned before. In other words, their superhydrophobicity regeneration is a cause of
both migration of low surface energy material to the surface and regeneration of hierarchical
topography. These coatings will be able to withstand both physical and chemical damages and
recover the superhydrophobicity of the coating [17]. The schematic principle of these
superhydrophobicity regeneration approaches is presented in Figure 20. When these coatings are
prone to a damage to both the low surface energy layer and the surface topography that ends in loss
of superhydrophobicity, their superhydrophobicity regeneration mechanism works by addressing
both the occurred damage. This approach appears as a simultaneous act of lowering the surface
energy and recreating the surface topography. In the figure, the blue represents the low surface
energy substances, and the grey represents the surface structure [98].

Damage Self-healmg

Figure 20. Self-healing principle of superhydrophobic surfaces based on the simultaneous effect of low-surface energy
substances transportation and rough topography regeneration [98] (Reproduced with permission from John Wiley and
Sons).

Wang et al. [111] fabricated a superamphiophobic coating containing fluoroalkyl surface-
modified silica nanoparticles (FS-NP) on a fabric, followed by coating a mixture of
tridecafluorooctyl triethoxysilane (FAS) and fluorinated decylpolyhedral oligomeric
silsesquioxane (FD-POSS). The superamphiophobic surface lost its amphiophobicity after air
plasma exposure and regained it after heating at 140 °C for 5 min. The surface also regained its
amphiophobicity after physical damage. 30 min of 140 °C heat allowed the FD-POSS and SiO»
NPs to reconstruct the surface roughness following a sandpaper abrasion. Therefore, the coating
regained its superamphiophobicity.

Chen et al. [112] improved the superhydrophobic coatings they had prepared in their
previous research [113] by changing the coating components into a final composition of
polystyrene (PS), fluorinated SiO, nanoparticles (FMS), ao,w-bis(hydroxypropyl)-terminated
poly(2,2,3,3,4,4,4-heptafluoro-butylmethylsiloxane) (PMSF) and TiO, nanoparticles. In this
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developed coating, FMS nanoparticles and PMSF are the hydrophobic substances and PS is the
polymer binder. This superhydrophobic coating loses its superhydrophobicity after abrasion of
sandpaper under 20 kPa. When the abraded coating is exposed to UV, the PS is decomposed due
to the photocatalysis of TiO, nanoparticles. Due to this decomposition, the FMS and TiO»
nanoparticles in the bulk of the coating are now exposed at the top, reforming the surface structure.
Atomic Force Microscopy (AFM) analysis made it apparent that the coating regained the roughness
of 534 nm, after a drop to 181 nm due to abrasion, which is similar to the initial roughness (623
nm). Furthermore, PMSF molecules migrated to the surface due to the difference in the surface
energy, covering the hydrophilic layer that TiO, nanoparticles had created on the surface. At the
end, the result was regeneration of the coating superhydrophobicity (Figure 21).
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Figure 21. Schematic principle of self-repairing superhydrophobic coatings containing PFMS/TiO2[112] (Reproduced
with permission from Royal society of chemistry).

2.8.2 Superhydrophobicity healing components

Throughout this literature review, several research work on fabrication of self-healing
superhydrophobic coatings was reviewed. Regardless of the self-healing superhydrophobicity
principle chosen for each of them, a great amount of consideration must have been devoted to the
proper choice of self-healing superhydrophobic components as well, components which are by
nature hydrophobic and contribute to the superhydrophobicity regeneration of the coatings by
lowering the surface energy, or regeneration of the topography or/and both mentioned. A delicate
choice that must be in consideration of various factors such as compatibility with other coating
components, the superhydrophobicity healing principle, the application of the final coating, and the
expected properties of the coating. Herein, a list of superhydrophobicity healing components
chosen by researchers is provided [17], [16], [98]:

Table 2. Superhydrophobicity healing components used in the literature review © Helya Khademsameni, 2023.

Healing agent Details References
PFOS/POTS Perfluorooctanesulfonic /Perfluorooctyltriethoxysilane [74], [114]
POSS Polyhedral oligomeric silsesquioxane [111], [115]
FAS Fluorinated alkyl silane [94], [56], [116]
POTS Perfluorooctyltriethoxysilane [117]
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POS Polysiloxane [118]
Bee wax - [91]
HDI Hexamethylene diisocyanate (HDI) [76]
n-Nonadecane - [82]
n-Octadecane - [92]
ODA Octadecylamine [119], [120]

Among the superhydrophobicity components mentioned, Polyhedral oligomeric
silsesquioxane (POSS) can be a suitable choice, benefiting the final coating for various reasons.
POSS is a class of hybrid materials that could not only lower the surface energy of the coating, but
also increase the surface roughness and increase the hydrophobicity of the coating [121].

Polyhedral oligomeric silsesquioxanes are quite exceptional due to their cage-like and
polyhedral molecular structure and physiochemical properties [122]. Polyhedral oligomeric
silsesquioxane has an organic/inorganic structure with a general formula of Rn(SiO 5), (Figure 22)
[123]. Presence of a silica cage is beneficial to the mechanical and thermal stability of the final
coating, while the chemically tunable organic functions of the POSS appoint it as an ideal building
block for high-performance applications. The polyhedral structure and the tunable peripheral
organic groups on the POSS, make it an ideal choice for increasing the hydrophobicity of a coating,
and an interesting choice for a self-healing superhydrophobic coating [111], [115], [124].

Figure 22. Molecular structure of T8 Polyhedral Oligomeric Silsesquioxanes cage [125].

Another option for superhydrophobicity healing components is silicone oil which could be
considered an uncommon choice in this field of research. Silicone oil is a low molecular weight
PDMS with the same chemical structure and surface energy [126]. Zhu et al. [127] fabricated
silicon-oil-infused polydimethylsiloxane (PDMS) coatings with icephobic properties. Presence of
the silicone oil reassured the durability of the liquid-infused porous surfaces (LIPS) approach in his
research (Figure 23). A research with a conclusion that the presence of silicone oil with its
extremely low surface energy, improves the water-repellency of the coating.
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Figure 23. Migration of silicon oil to the surface resulting in regeneration of liquid-infused porous surfaces
structure of the silicon oil infused PDMS coating [127] (Reproduced with permission from American Chemical
Society).

2.8.3 Characterization of the coating

As discussed in the sections before, the two criteria for superhydrophobicity are i) low
surface energy and ii) hierarchical topography. In the case of superhydrophobicity loss, each or
both mentioned criteria are affected. In order to characterize the regenerative superhydrophobicity,
it is important to establish which of the criteria is being addressed. On that account, for the
characterization of regenerative superhydrophobic coatings, the following methods mentioned can
be used:

2.8.3.1 Superhydrophobicity Characterization

Static and sliding water contact angles during the process of loss of superhydrophobicity
and regeneration of superhydrophobicity are measured to assess the superhydrophobicity of the
surfaces. These tests can be done by a fully automated contact angle goniometer with sessile water
droplets of different volumes [128-130].

2.8.3.2. Imaging Techniques

Various imaging techniques can be employed to review the surface morphology prior to
and after the loss of superhydrophobicity and regeneration of superhydrophobicity. Scanning
electron microscopy (SEM), Profilometer and Atomic Force Microscopy (AFM) can be used for
this scope. These methods are mainly used to obtain rather qualitative surface information and they
could be completed by more quantitative tests [131-133].

2.8.3.3. Surface Chemistry Characterization

Surface chemical and structural composition characterization can be done to obtain more
precise information on the chemistry of the surface of the coatings during loss of
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superhydrophobicity and the return to superhydrophobicity by Fourier transform infrared
spectrometry (FTIR) or X-ray photoelectron spectroscopy (XPS) [134-136].

2.8.4 Characterization of coating durability

Mechanical wear

Mechanical wear not only affects the hierarchical topography of a surface, but also could
remove the layer containing low surface energy material. The effect of mechanical wear can be
evaluated by sandpaper tests under various pressures [112]. Moreover, sand grains could be
dropped on a surface to examine their durability against abrasion. Zhao et al. [137] impacted their
polysiloxane robust self-healing superhydrophobic coatings containing POSS-modified SiO»
nanoparticles with sand grains 300-600 um diameter from a height of 30 cm and reported the
durability of the superhydrophobicity of their coatings even after 30 cycles.

External load on the surface

An external load could be pressed on a surface, aiming to destroy the hierarchical
topography of the surface, and resulting in loss of superhydrophobicity. In this method, the
chemical composition of the surface is untouched [138]. One of the tests in this category is the sand
impact test. An example of which would be force of a thumb on the surface [137].

High and low-temperature stability tests

Verifying the thermal durability of the superhydrophobic coatings, the mentioned coatings
could be prone to high or low temperatures for a certain amount of time. Afterward, any possible
change in the WCA will be reported [139].

Resistivity against acid and basic solution

To ensure the coatings are durable in case of contact with a solution with high or low pH,
the changes of contact angle after immersion of the coating in solutions with various pHs ranging
from 2- 12 are observed [17], [44].

2.8.5 Assessment of superhydrophobic self-healing ability

In order to evaluate the superhydrophobicity regeneration ability of the fabricated coating,
various tests could be performed. Any test that could chemically or physically damage the coating
and affect the superhydrophobicity of the coating, can be of use. After the loss of
superhydrophobicity, the recovery ability of the coating needs to be evaluated. Therefore, all the
tests mentioned in the previous section can be of use if they lead to loss of superhydrophobicity.
On top of that, there are some more specific testing techniques that researchers working on self-
healing superhydrophobic coatings tend to use which will be explained below.
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Plasma treatment

Surface treatment can be done by various methods, one of which is the use of plasma
systems. Plasma systems can be divided into low-pressure and atmospheric plasma depending on
the pressure inside the chamber. Plasma, which is the fourth state of matter (others would be gas,
liquid, and solid), is an ionized gas. Plasma consists of ions, free electrons, and neutral species. In
the condition that a stream of gas is subjected to electrical energy, it will get ionized and forms a
high-speed stream of glowing discharge which is known as plasma [140].

The traditional sources of atmospheric-pressure plasma systems are transferred arcs,
plasma torches, corona discharges, and dielectric barrier discharges [141]. Based on the plasma
parameters, the plasma treatment can influence both the surface roughness and surface chemical
composition; Parameters such as the generation power, treatment time, distance between nozzle
and substrate, gas flow, and the plasma gas can be determinants while using an atmospheric-
pressure plasma jet [142]. Certain atoms or phases on the substrate could react with plasma particles.

High-energy particles of the plasma colliding with the surface could break chemical bonds
or form new ones, ending in a change in the chemistry of the surface. Two free radicals during the
plasma treatment can combine or form branches or cross-links [143].

One of the means of surface modification with the help of plasma, could be interfering with
the surface tension and therefore changing a superhydrophobic surface into a hydrophile one.
Hence, plasma treatment with O, or air which could increase the oxygen-containing functional
groups on the surface, modifying the chemistry of the surface and resulting in loss of
superhydrophobicity is used as a means of testing the regeneration of superhydrophobicity [17],
[16], [98], [144].

Scratch or cut test

Implementing a scratch or cut on a superhydrophobic coating could lead to loss of
superhydrophobicity if the crack area would be a domain with different wettability characteristics
which could compromise the consistency of the non-wettable surface. Hence the ability of the
coating to recover the loss of superhydrophobicity could be of value [145], [111].

2.9 Conclusion

In this chapter, an essential literature review was provided. At first, superhydrophobicity
and various wetting theories were discussed. Afterward the relation between icephobicity and
superhydrophobicity was studied, followed by a description of superhydrophobicity fabrication
methods. Due to the importance of the chosen material for coating fabrication, a glance at the
material used for superhydrophobic coatings was provided and silicone elastomer was presented.
After familiarizing with superhydrophobic coating, the applications of them were discussed. The
intended application of a superhydrophobic surface is of great importance since it influences the
choice of material, fabrication method, and prospective properties. Next, the challenges and

drawbacks of superhydrophobic coatings were discussed and low durability was introduced as the
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main challenge these coatings are facing. Various potential approaches to tackle this problem were
presented, of which regenerative superhydrophobic coatings were introduced and presented
thoroughly. Regenerative superhydrophobic coatings, which are coatings with the ability to
regenerate the superhydrophobicity after a loss or damage to the coating, are the focus of this
research. Regenerative superhydrophobic coatings were categorized based on their healing
principles, and each category was fully discussed. By reading this chapter, the reader will have a
clear idea of superhydrophobicity and the focus of this research. The following chapters will
concentrate more on the experimental section, nevertheless, the content of the current chapter is an
essential start to understanding the line of thought of the author in the following chapters.
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THIRD CHAPTER
EXPERIMENTAL PROCEDURE

3.1 Introduction

Based on the literature review presented in the previous chapter, this chapter focuses on a
step-by-step description of coating preparation, characterization, and assessment. Materials and
methods chosen for this research will be discussed and justified based on their properties,
compatibility, and the part they play in the final application and desired properties of the coating.
Moreover, the devices and test methods used for coating characterization in this research are
introduced.

3.2 Materials

In order to prepare a regenerative superhydrophobic coating, a silicone resin is chosen as a
base matrix for the other components to be dispersed in. PDMS resin is an eminent choice for this
research due to its low glass transition temperature and large free volume. This would enable
storage of regenerative superhydrophobic agents which is a necessity for this research. Moreover,
due to its low surface energy and good chemical and weathering resistance, PDMS is an excellent
choice for dielectric and insulating properties required for a coating fabricated for an electrical
insulator. Therefore, Sylgard 184 obtained from Dow Corning was chosen as the base resin for this
coating. This polydimethylsiloxane elastomer is used with a proper curing agent included in the kit
with a ratio of 10:1 [146].

Micro and nanoparticles are used in the coating to ensure the formation of the essential
topography of superhydrophobic coatings on the surface. Hydrophobic-modified nanoparticles
AEROSIL® R 202 from Evonik Co. were chosen for this research. These nanoparticles are in fact
fumed silica after-treated with polydimethylsiloxane with an average primary particle size of 14
nm. This specific nanoparticle offers electrical insulating properties which would be of great benefit
for this work, with a final intended application for electrical insulators. Moreover, this hydrophobic
nanoparticle has good flowability, which is highly beneficial in the coating preparation step [147].
Hydrophobic silica aerogel microparticles, Aerogel Enova IC3 100, from Cabot Aerogel with a
particle size range of 2-40 um, and particle density of 120-150 Kg/m were also chosen for this
research. This specific microparticle has high process stability and is known for its ease of
dispersion. Also, this material is tested to preserve its hydrophobicity in temperatures as low as -
196°C making it an ideal choice for a coating intended to be used in cold climates [148]. The
simultaneous use of these microparticles alongside the mentioned hydrophobic nanoparticles will
provide the surface topography required for achieving superhydrophobicity.

Based on the literature review presented in the previous chapter, considering the
application of the regenerative superhydrophobic coatings aimed to fabricate which are electrical
insulators, incorporation of both Polyhedral oligomeric silsesquioxanes and low molecular weight
silicones as superhydrophobicity regenerative agents can be advantageous toward achieving the
main objective of this research which is the fabrication of regenerative superhydrophobic coatings.



The integrated use of those two different methods leads to fewer challenges due to compatibility
with the matrix and will be more likely to be suitable choices for the final applications of the coating.
FLO0578 Trifluoropropyl POSS (F-POSS) from hybrid plastics and Xiamater PMX-200 50 cSt
silicone oil from Dow Corning were selected as superhydrophobicity regeneration agents. FL0O578
Trifluoropropyl POSS (F-POSS) is a hybrid inorganic silsesquioxane with attached trifluoropropyl
groups on the cage corners (Figure 24). This particular low surface energy trifluoropropyl POSS
could be accounted for an increase in coating porosity [149].

FaG CFy CF3

5i—0 % ot

0/ S? \Si/OO'SI
S o04i—si

AN / o o] \ (o]

OS;/\ |

FsC

0 /|O“‘=bl
/
-0 _,,.-*“u o
‘\E?l 8]
0O s

2 Fa CFy

CFs

CF,

Figure 24. Molecular structure of the FL0578 Trifluoropropyl POSS (F-POSS) used in this research [149]
(Reproduced with permission from Hybrid Plastics, Inc.).

Silicone oil, which is a straight-chained polydimethylsiloxane fluid, was chosen based on
its electrical insulating properties, high oxidation resistance, and high compatibility with the base
resin. Silicone oils with a hydrophobic nature are monomeric compounds containing silicon-
oxygen bonds. The particular XIAMETER™ PMX-200 Silicone Fluid 50 ¢St chosen for this
research has the chemical composition of (CH3)3SiO [SiO(CHs)]nSi(CH3);. It has a specific
gravity of 0.960 at 25°C and a melting point of -41 °C. This crystal-clear silicone fluid is inherently
water-repellent. Properties that make this material an excellent choice for this research [150].

All the materials used in this research and their function are summarized in Table 3.

Table 3. Materials used in this research and their function.

Material Name Function Company
™ .
SYLGARD™184 Silicone Matrix B Clomiing
Elastomer
AEROSIL® R 202 Nanoparticles Evonik Co
Aerogel Enova IC3 100 Microparticles Cabot Aerogel
Hexane Solvent Fisher scientific
XIAMETER™ PMX-200 Superhydrophobicity self- Dow Cornin
Silicone Fluid 50 healing agent &
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Superhydrophobicity self-

healing agent Hybrid plastics

FLO0578 Trifluoropropyl POSS

3.3 Coating preparation

Coating preparation starts with the dispersion of nanoparticles in Hexane with the help of
a Fisherbrand™ 505/705 Sonic dismembrator for 15 min. The ultrasonicator was used at an
amplitude of 25 with a 5s pulse-on time and a 3s pulse-off period. A water bath was also used to
prevent a temperature rise. This duration was determined after series of trial & errors to achieve
the minimum duration of sonication required for achieving a homogenous dispersion of
nanoparticles in the solvent.

Afterward, the microparticles, the base resin, and the curing agent were added and mixed
with the help of a mechanical overhead mixer for 10 min. For the coatings containing
superhydrophobicity self-healing agents, the chosen agent is also added to the mixture at this step.

The uniform mixture is then spin-coated on the substrates with the help of a K4-WA Setcas
LLC spin coater with the spinning parameters of 150 rpm for 10s. Prior to the spinning, the
substrates are fixed with the help of a vacuum system. The solution is then poured on the substrate,
which uniformly covers the whole substrate throughout the spinning, resulting in a uniform coating
formation. The samples are afterward cured in the 125°C oven for 20 min (Figure 25).

PDMS resin +
curing agent +

Microparticles
Sonicator Mixer Spin coater Oven curing

. b
S5 | s —

> [

Nanoparticles + g
Solvent

Superhydrophobic
regenerative agents

Figure 25. Schematic of the coating preparation steps in this research © Helya Khademsameni, 2023.
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3.3.1 Preparation of reference samples

For fabrication of reference Sylgard coating, the polydimethylsiloxane resin was mixed
with the curing agent (with a ratio of 10:1) and Hexane. In case of presence of bubbles, the
composite is then vacuum filtered. Then, it was spin-coated on the substrates and cured in the 125°
C oven for 20 minutes. These samples are coded as “Sylgard” throughout this research.

For fabrication of the reference superhydrophobic coating the base resin and curing agent
were used with a 10:1 ratio as it is recommended by the manufactory. The mixture of micro and
nanoparticles was optimized keeping in mind cost, efficiency, and performance. The final
optimized ratio was found to be at a solid ratio of 25 wt.% of nanoparticles and 15 wt.%
microparticles. The logic behind this optimization is described below.

Due to the cost of the chosen micro and nano particles and their probable negative effect
on the mechanical properties of the coating in case of overuse, the coating optimization started with
the lowest possible weight percentage of micro and nanoparticles. Table 4 demonstrates the coating
formulations trial and error.

Table 4. Component ratio examination for fabrication of the reference superhydrophobic coating.

Sample Nanoparticle (%) Microparticle (%)
1 10 5
2 15 5
3 20 5
4 25 5
5 10 10
6 15 10
7 20 10
8 25 10
9 15 15
10 20 15
11 25 15

At other ratios other than the last one, either the coating was not formed or in the case of
coating formation the coating did not present superhydrophobic properties. Therefore, the
formulation of 25% nanoparticle and 15% microparticle was chosen as the formulation at which
with the least possible amount of micro and nanoparticle a uniform superhydrophobic coating was
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formed. At this optimized ratio, fine coatings can be spin-coated on the substrates and afterward
cured in the oven (125° C oven for 20 minutes). These samples are coded as “SHP Ref” herein.

Table 5 demonstrates the component ratios of the fabricated reference Sylgard and
reference superhydrophobic coating.

Table 5. Component ratio of the prepared reference coatings.

Sample
Material (%)
Sylgard SHP Ref
Resin+Curing agent 100:10 60
Microparticle 0 15
Nanoparticle 0 25

3.3.2 Preparation of regenerative superhydrophobic coatings

For the fabrication of regenerative superhydrophobic coating, two steps were put in place
(Figure 26). The first step is the investigation of each superhydrophobicity self-healing agent’s
effect on the regeneration of superhydrophobicity and the second one is coating ratio optimization.

Effect of
each SHP
regenerative
agent

Coating
Optimization

Figure 26. Coating preparation steps for fabrication of superhydrophobic regenerative coating © Helya
Khademsameni, 2023.

3.3.2.1 First step: Superhydrophobicity healing agents investigation

For this step, a coating formulation similar to the “SHP Ref” samples was used and the
chosen superhydrophobicity regeneration agent was added to the mixture prior to the spin coating
step. Therefore, three sets of samples were fabricated, all containing base resin and curing agent
with a 10:1 ratio and a solid ratio of 24 wt.% of nanoparticles and 14 wt.% microparticles.

0.8 wt.% F-POSS compared to the solid ratio of the coating mixture was added to the

mixture, mixed, and then spin-coated on the substrates, creating samples coded “F Reg”. Second
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set of samples contained 0.8 wt.% of the solid ratio of silicon oil, coded as “SO Reg”. The last set
of samples contained 0.4 wt.% of the solid ratio F-POSS and 0.4 wt.% of the solid ratio of silicone
oil. These samples were coded as “FSO Reg”. On one hand, due to the relatively high price of F-
POSS and silicone oil, it is preferable to use the least possible amount of these additives. On the
other hand, since the aim of this study is to have a coating that can regenerate the
superhydrophobicity, the more superhydrophobicity regeneration agents preserved in the coating
the more beneficial it would be. Therefore, the amount of superhydrophobicity regeneration agents
to be added to the coating was optimized with great care.

Moreover, during the coating formulation at this step, the focus was to have the almost
same weight percent of the micro and nano particles in the coating as the “SHP Ref” so that
comparison between these samples would be easier. Also considering a threshold of the base resin
required for a fine coating formation, the most precise amount for the superhydrophobicity
regeneration agents in the coating was optimized at 8 wt.%. For the “FSO Reg”, this amount was
divided in two so that 4 wt.% of each superhydrophobicity regeneration agent was added to the
coating mixture.

Table 6 illustrates the material ratio in the fabrication of the coatings in this step. Following
the spin coating step, all samples are cured in the 125°C oven for 20 minutes.

Table 6. Component ratio of the prepared coatings in the first step.

SHP Reg Sample
Material (%)
F Reg SO Reg FSO Reg

Resin+Curing agent 54 54 54
Microparticle 14 14 14
Nanoparticle 24 24 24
F-POSS 8 0 4
Silicone Oil 0 8 4

To better investigate the effect of each superhydrophobicity regenerative agent, the three
sets of samples of “F Reg”, “SO Reg” and “FSO Reg” underwent a preliminary plasma
deterioration test. Each sample withstood 5s of plasma discharge (plasma conditions explained in
3.5.1 Regeneration of Superhydrophobicity), after which the “FSO Reg” samples were able to
retain superhydrophobicity which will be discussed in the next chapter. Based on this experiment
which is thoroughly explained in the next chapter, the samples containing both F-POSS and
Silicone oil were chosen as the basis of the Regenerative superhydrophobic coating intended for
this research. Now that coatings containing both F-POSS and silicone oil were chosen, an
optimization is necessary in order to determine the best ratio of them in the coating to achieve the
best regenerative superhydrophobic coating. The next step is allocated to this aim.
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3.3.2.2 Second step: Coating optimization based on the superhydrophobicity
regeneration agents ratio

Once all the coating components are chosen, a ratio optimization is necessary. In this step
three sets of coatings are fabricated: all containing both superhydrophobicity healing agents
however with different ratios. Also, all the samples contain base resin and curing agent with a 10:1
ratio and a solid ratio of 20 wt.% of nanoparticles and 12 wt.% microparticles.

Based on the optimization of 8 wt.% done in the previous step, the minimum threshold for
one superhydrophobicity regeneration agent is determined to be at 8 wt.%. Since the focus is to
have the highest similarity of micro-nano particles with the “SHP Ref” sample and assigning a high
weight percentage of the coating to the base resin to ensure a fine coating formation, 10 wt.% is the
highest amount of superhydrophobicity agents chosen to be added in the coating mixture. Therefore
the threshold for superhydrophobicity agents in the coating mixture is increased to 10 wt.% to be
able to see a 2 wt.% for the second agent as well.

Since in the previous step coatings containing 8 wt.% F-POSS and 8 wt.% Silicone oil were
developed and a preliminary plasma deterioration was conducted on them which is presented in the
next chapter, the optimization of the coating formulation benefits from this step in a way that 8 wt.%
is chosen for the weight percentage of one of the superhydrophobicity regeneration agents,
providing us to benefit from the previous steps formulation as well. Since the desired combination
for the superhydrophobicity regeneration agents is chosen to be 10 wt.% it leaves us with a 2 wt.%
for the second regenerative agents. Therefore three sets of samples are formulated as follows: The
first set of the samples also contained 8 wt.% F-POSS and 2 wt.% Silicone oil of the solid, a 4:1
ratio. These samples were coded as “SHP Reg 4:1”. The second batch contained 2 wt.% F-POSS
and 8 wt.% Silicone oil were labeled as “SHP Reg 1:4”. The last set of samples contained 5 wt.%
F-POSS and 5 wt.% Silicone oil, labeled as “SHP Reg 1:1”. Table 7 illustrates the material ratio in
the fabrication of the coatings in the second step. Then, these samples were prone to plasma
deterioration and their ability to regenerate the superhydrophobicity was studied, which is
explained in detail in the next chapter.

Table 7. Component ratio of the prepared coatings in the second step

SHP Reg Sample
Material (%)
SHP Reg 4:1 SHP Reg 1:4 SHP Reg 1:1

Resint+Curing agent 56 56 56
Microparticle 12 12 12
Nanoparticle 22 22 22
F-POSS 8 2 5
Silicone Oil 2 8 5
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3.4 Coating characterization

3.4.1 Contact angle measurement

The wetting behavior of the samples was studied with a Kruss™ DSA100 contact angle
goniometer. With this instrument, both static and dynamic contact angles were measured. Sessile
droplet measurements require a droplet size large enough to overcome the effect of evaporation
and larger than surface features [151]. In this study, a 4pL water droplet was placed on the surface
to measure the static contact angle. The test is repeated at least 5 times at different spots of the
sample and an average of the results is provided.

Moreover, the sliding angle is measured with the help of an adjustable tilting plate, able to
tilt even up to 90°. By tilting the plate till the droplet starts to slide off, the sliding angle will be
measured.

3.4.2 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is used to study surface morphology and
composition. In this study a JSM-6480 LV SEM, JEOL Japan scanning electron microscopy is used
to compare the surface morphology and composition of samples prior to plasma deterioration,
plasma deteriorated samples, and the samples with regenerated superhydrophobicity.

3.4.3 Fourier transform infrared spectroscopy (FTIR)

The chemical composition of the surface is studied with Fourier-transform infrared
spectroscope, which is a vibrational spectroscopy, to review the formation of chemical bonds and
components of the coating. The FT-IR analysis for this research is carried out using Cary 360 FT-
IR spectrophotometer (Agilent, USA) in ATR (Attenuated Total Reflection) mode. ATR is a
common method for investigating coatings in which an IR beam is directed into a crystal of a
relatively higher refractive index. The beam reflects from the crystal and creates an evanescent
wave which projects onto the sample. Some of the wave energy is absorbed by the sample and the
reflected radiation is gathered by the detector. The usual depth of penetration of ATR FT-IR is from
0.5 microns up to about 5 microns depending upon the experimental conditions [152]. Another use
of the FT-IR test is to show the homogeneity of the surface, which could be demonstrated by
comparing various FT-IR test results from different points of the same sample [153].

3.4.4 X-ray photoelectron spectroscopy (XPS)

The surface chemical composition of the coating, prior to plasma treatment, after plasma
treatment, and the regenerated superhydrophobic coating can be reviewed with the help of X-ray
photoelectron spectroscopy. An X-ray photoelectron spectrometer jointly produced by
Plasmionique (Canada) and Staib Instruments (Germany), equipped with a non-monochromatic Al
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(max energy 1486.6 eV) source was used. XPS is known for its precision, compared to FT-IR, and
is a study of projected X-rays on the surface. In this test, a photoelectron spectrum with its peaks
is recorded which can be correlated to characteristic energies and identify the surface elements. The
penetration range of XPS is from 1-10 nm, however, the precision of the analysis depth is a variable
of the anode type and material, sample conductivity, etc [154]. The parameters used for survey
acquisition and high-resolution acquisition are presented in Table 8.

Table 8. Survey and high-resolution acquisition parameters for XPS spectra.

Starting Ending  Step dE Dwell Beam
Energy Energy  width time power
Survey 0eV (Alanode) | 1300eV | 1eV 4eV | 100ms | 150 Watts

A small range covering the

0.1eV | 03eV | 300ms | 300 Watts
observed peak

High-resolution

In order to analyze the XPS data, CasaXPS software was used. With the help of this
software, spectrum calibration, peak identification, elemental and component quantification, and
several other functions can be deployed on the acquired data. For the quantification of elemental
peaks in the high-resolution deconvolution section, the Shirley background type was used.

3.4.5 Profilometry

To review the surface topography of the coatings, profilometry is used. With 3D
Profilometer: Profilm3D® various topographic data such as roughness average, average maximum
height, maximum height of the surface, and depth of valley is reported.

3.5 Durability

3.5.1 Regeneration of Superhydrophobicity

Various tests can be applied to verify the superhydrophobicity regeneration ability of the
prepared coating. In one approach, the prepared coatings are treated by air plasma to the point of
loss of superhydrophobicity. In this research Plasma Jet AS400” (Plasmatreat GmbH, Germany)
atmospheric-pressure plasma system with a reference voltage of 70%, plasma voltage of 250 'V,
plasma current of 16 A (Power of 2.8 kW), distance of 30 mm from the plasma nozzle to the sample
surface, and speed of 2m/min was used. After the deterioration by plasma, the samples were kept
in various conditions so their superhydrophobicity regeneration progress is observed. At each step,
the water contact angle is measured to verify the superhydrophobicity regeneration.

Another test to verify the self-healing superhydrophobic coating is immersion in acid or
bases which could lead to loss of superhydrophobicity, in that case, the ability of
superhydrophobicity regeneration can be at stake.
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3.5.2 Superhydrophobicity regeneration assessment

The assessment of superhydrophobicity regeneration can be proceeded by characterization
assessments of the coating or can be demonstrated by repeating the superhydrophobicity
regeneration for several cycles. The key method used for proof of regained superhydrophobicity is
the water contact angle measurement which shows the contact angle of the water droplet and the
surface at each step: pristine coating, the coating which has lost its superhydrophobicity and the
coating which regained its superhydrophobicity. Other superhydrophobicity regeneration
characterization assessments could be done by observation of the composition and structure of the
healed superhydrophobic coating and a comparison of it to the pristine samples with the help of
FT-IR, SEM, XPS, and profilometry assessments.

3.6 Icephobicity evaluation

3.6.1 Push-off test

The final regenerative superhydrophobic developed samples, superhydrophobic reference
samples “SHP Ref”’, and PDMS reference samples, “Sylgard” were put in a cold room at -15°C for
5 hours. After reaching the cold room temperature, a cylindrical mold is placed on each coating
and is filled with deionized water. The samples are left in the cold room for ice formation for 24 hr.
With the help of an ice push-off set-up, the cylinder is pushed off the surface and the force used for
this movement is noted. The maximum force recorded divided by the area of the ice cylinder in
touch with the substrate would determine the ice adhesion strength (Figure 27Figure 27. Push-off
test apparatus) [155].
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Figure 27. Push-off test apparatus schematics © Helya Khademsameni, 2023.

3.6.2 Centrifuge Adhesion Test

Ice adhesion on the surface can be determined with Centrifuge Adhesion Test (CAT).
Firstly, samples are iced in a cold chamber usually with the help of glaze ice. Another approach
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could be the use of a wind tunnel that stimulates various atmospheric icing by a variety of
parameters such as temperature, humidity, or wind velocity on some samples. This method would
demonstrate a better evaluation of coating performance in natural winter conditions. After ice
formation via either one of the methods mentioned, the samples are tested via a centrifugal
instrument. The applied force is measured and divided by the icing area leading to a determination
of ice adhesion.

In order to measure the ice adhesion via centrifuge adhesion test, three sets of coating on
2.5 cm x 3.5 cm Aluminum substrates were prepared: 1) The final regenerative superhydrophobic
developed samples, 2) superhydrophobic reference samples “SHP Ref”, and 3) PDMS reference
samples “Sylgard”. All the samples were sprayed with supercooled water microdroplets,
stimulating freezing drizzle conditions, which lead to a layer of 5.9 + 0.02 g ice covering the
samples. This step was performed in a climatic chamber with a temperature down to -8°C. 1 hour
later, the samples were moved to a cold room with a temperature of -10°C £ 0.2°C containing a
centrifugal instrument. Each sample was put on the end of a beam and was rotated at a controlled
frequency. The force applied at the breaking point of each sample was recorded. This centrifuge
force (F) is calculated as:

F = mre? Equation 6

Where m is the mass of detached ice, r is the beam radius and © is the speed at the time of
ice detachment.

By dividing this force by the icing area, the adhesion stress is then calculated. The adhesion
reduction factor (ARF) is defined as the following:

T Pristine
T Coating

ARF = Equation 7

Where TPristine is the shear stress of ice removal on the pristine sample or the aluminum

reference sample, and TCoating is the shear stress of ice detachment on the coating sample. In order

to review the effect of regeneration on the developed samples, this test was repeated once more.
For each sample, the two test results will be discussed in the next chapter. These tests were done at
Anti-icing Materials International Laboratory (AMIL).

3.7 Conclusions

Based on the regenerative superhydrophobic coating principles mentioned in the previous
chapter, the incorporation of low molecular weight silicone and polyhedral oligomeric
silsesquioxanes as regenerative superhydrophobicity components in a PDMS-based coatings
containing micro, and nanoparticles was the strategy chosen for this research. Based on this
approach, the experimental chapter focused on finding the most optimized coating preparation steps
which would result in the best possible superhydrophobicity regeneration properties. The current
chapter discussed the coating material, fabrication, and characterization methods used for this
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research. The next chapter which is highly coordinated with the current chapter focuses on the
results of coating evaluation, characterization, and durability test results.
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FOURTH CHAPTER
RESULTS AND DISCUSSION

4.1 Introduction

This research aimed to fabricate silicone-based regenerative superhydrophobic coatings
and study their durability and consequently their potential applications in electrical insulators. A
superhydrophobic  coating  containing  hydrophobic ~ aerogel = microparticles  and
polydimethylsiloxane-modified silica nanoparticles within a PDMS-based matrix containing
Trifluoropropyl POSS (F-POSS) and Xiamater PMX-series silicone oil as superhydrophobicity
regenerating agents were fabricated by spin-coating method. The fabricated coating showed a
contact angle of 169.5° and a contact angle hysteresis of 6°. Compared to reference samples,
regenerative testing showed that the coating was able to regain its superhydrophobicity after various
pH immersion and plasma deterioration tests. The performance of the developed coating as
icephobic material was also studied by various ice adhesion measurement tests is also observed.
The experimental process and the overall rationale of this research were explained in the previous
chapter. In this chapter, the samples developed in the previous chapter are characterized and
evaluated. Afterward, each test result is demonstrated and thoroughly discussed. Characterization
and test assessment are the main focus of this chapter. Based on the test results and observation,
the conclusion of this research is then provided.

4.2 Wettability assessment

The fabricated “Sylgard” reference samples showed a CA of 110.3°+1.5, SA of >30°, and
CAH 0f 12°+0.5. The CA, SA, and CAH for the “SHP Ref” samples were 162.2°+0.8, 3° and 5°+0.1
respectively.

4.2.1 Evaluation of the effect of each superhydrophobicity self-healing agent’s
incorporation

In order to develop a regenerative superhydrophobic coating, self-healing
superhydrophobic agents are to be added to the coating mixture. To see the effect of each self-
healing agent individually and obtain the best ratio, a series of experiments were conducted. The
main goal was the addition of either F-POSS or silicone oil or the simultaneous addition of both.
To ensure the achievement of the best possible results, with the same formulation (PDMS resin
containing hydrophobic Aerogel microparticles and fumed silica nanoparticles), three sets of
samples were fabricated: One containing only F-POSS as regenerative superhydrophobic agent “F
Reg”, one with only silicone oil “SO Reg” and the last set containing both F-POSS and silicone oil,
“FSO Reg”.

Table 9 provides the CA, CAH, and SA of all the prepared coatings (regenerative and non-
regenerative). For the developed superhydrophobic coatings, the combination of surface
topography and low surface energy material on the surface has led to a Cassie-Baxter state
explaining the superhydrophobic behavior [156]. However, it is observed that the samples



containing only silicone oil as a superhydrophobic self-healing agent (“SO Reg”) demonstrate not
efficient CAH and SA angles required for superhydrophobic properties. This could be due to
surface roughness covered by oil, to a sense that the same micro-nano roughness as other developed
coatings was not achieved in this coating. This finding demonstrated that during the coating design,
it has to be kept in mind that if the aim is to have a regenerative superhydrophobic coating with the
same amount of silicone oil in the coating in comparison to the sample containing F-POSS, more
micro/nanoparticles must be implemented in the coating mixture to acquire a low CAH. Since the
addition of micro/nanoparticles could affect the mechanical properties and price, this action is in
general not preferred.

Table 9. CA, CAH, and SA of water droplet on the developed coatings.

Sample code CA (®) CAH (®) SA (®)
Sylgard 110.3+1.5 12+0.5 >30
SHP Ref 162.2+0.8 5+0.1 3

F Reg 169.3+0.6 2+0.3 6
FSO Reg 167+0.9 6+0.6 3
SO Reg 159.6+1.2 55+1.2 40

In the next step, to establish the most effective coating mixture, the self-recovery ability of
the fabricated coatings was tested. Hence, to distinguish the best sample with regenerative
superhydrophobicity properties an initial plasma deterioration as described in the previous chapter
(3.3.2.1) was implemented on the developed coatings which are candidates for superhydrophobicity
regeneration: a) “F Reg”, b) “SO Reg”, and c) “FSO Reg”. The point of treatment on each sample
was prone upon 30s of plasma deterioration.

As shown in Table 10, all three sets of samples endured a loss of CA after plasma
deterioration. However, after being kept at room temperature for 24 hr, the water contact angle for
samples “F Reg” and “FSO Reg” increased back to higher than 150°, which was not the case for
the “SO Reg” samples. The highest increase in CA after plasma deterioration was for samples
containing both F-POSS and silicone oil as superhydrophobicity regeneration agents which were
able to have a CA almost as high as the original before plasma deterioration. Therefore, the “FSO
Reg” samples appear to be better candidates for this research, due to high water contact angle
retention after 24 hr at room temperature after a loss of superhydrophobicity due to plasma
deterioration. This result is coherent with the literature review presented in the second chapter. The
presence of oil in the coating is proven to be beneficial toward a self-healing process of coatings
[157-159], and fluorine-containing particles such as F-POSS or FAS have improved the
superhydrophobicity regeneration ability of coatings as well [83], [137]. The “FSO Reg” samples
are benefiting from the mutual presence of F-POSS and silicone oil in the coating, which would
justify the results obtained at this step. The point of focus from now on would be to find the best
ratio of the superhydrophobicity regeneration components to optimize the developed coating in
order to achieve the best possible superhydrophobicity regeneration results.
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Table 10. CA, CAH, SA of water droplets on developed coatings prior to any treatment, after air plasma deterioration,

and after being kept 24hr in room temperature.

o
.. CA (®) CAH (®) SA (®) CA (®) CAH SA ()
Initial (°) after | after 24
Sample after after after after 24
CA (°) | | | hr at RT 24 hr at hr at
plasma plasma plasma ra RT RT
Sylgard | 110.3£1.5 95.2+0.7 62+1.5 >80 96.5+0.8  58+2.1 >80
SHP
Ref 162.2+0.8 140.2+1.2  43+2.6 >80 141.7+0.7 38+0.8  78+2.1
FReg | 169.3£1.4 141.740.6  28+1.1 57+2.3 151.2+1.3 22+0.7  48+1.9
FSO
e 167+0.9 147+0.8 31+0.9 50+1.3 162.7+0.6  25+0.9  36+1.2
SO Reg | 159.6£0.2 139.2+0.9  39+1.8 >80 140+0.4  64+1.7 69423

4.2.2 Evaluation of the superhydrophobicity self-healing agent’s incorporation ratio

Knowing the samples containing both F-POSS and silicone oil are the best candidates for
this research (due to findings of the experiments presented in Table 10), in order to achieve the best
coating formulation for a regenerative superhydrophobic surface, the most suitable ratio of F-POSS
and silicone oil in the coating mixture has to be determined.

Therefore, three sets of superhydrophobic samples all containing both F-POSS and silicone
oil were prepared: the first one with a higher amount of F-POSS compared to silicone oil (“SHP
Reg 4:1), the second one with a higher ratio of silicone oil to F-POSS (“SHP Reg 1:4”.) and the
third one with equal amount of silicone oil and F-POSS (“SHP Reg 1:1”) were prepared. The
samples were treated by air plasma to verify the self-healing superhydrophobicity ability and the
results are presented in Table 11.

All three sets of samples faced an almost equal loss of CA after plasma deterioration.
However, after being kept at room temperature for 24 hr, the only set of samples that were able to
regenerate superhydrophobicity and regain a CA higher than 150° were the “SHP Reg 4:1” samples.
For the samples “SHP Reg 1:4” it could be interpreted that the higher ratio of silicone oil than F-
POSS could lead to entrapment of F-POSS into the silicone oil, prohibiting the F-POSS to lower
the surface energy, therefore showing less favorable results in the means of superhydrophobicity
regeneration. The point of treatment on each sample was prone upon 45s of plasma deterioration.

46



Table 11. CA, CAH, and SA of water droplets on superhydrophobic coatings containing both silicone oil and F-POSS as
superhydrophobic regenerative agents with various ratios, prior to any treatment, after air plasma deterioration, and
after being kept for 24 hr at room temperature.

CA | CAH SA
A SA © © ©)
Initial | Initial | Initial ©) CAH © ttor | after ttor
Sample | CA | CAH | SA | after | (°) after alter | alter | alte
) © © plasm | plasma after 24 24 24
a plasma | hr at | hr at | hr at
RT RT RT
SHP 166.9 133.1 1452 39
Reg 1:4 | 038 9+04 2801 56407 56+09 o e 30404
SHP 168 1354 148.1 39
Reg 1:1 114 3+0.1 3+0.1 116 59+0.8 54+£1.1 11 ‘12 4240.9
SHP 169.5 135.3 168.2 21
Reg 4:1 106 6+0.7 4+0.2 104 60+1.4 40+0.7 109 403 20+0.2

To conclude, based on the experiments conducted in this step, superhydrophobic coatings
containing both F-POSS and silicone oil, with a higher ratio of F-POSS to silicone oil are developed
and optimized in this research. These samples are coded as “SHP Reg” herein.

4.2.3 Wettability assessment of the final developed coating

The thickness of the semi-transparent “SHP Reg” coating was measured with
ElektroPhysik 80-125-0900 MiniTest 70E-FN Coating Thickness Gauge and was reported to be
around 100-150 micrometers. The developed coating can be applied on various substrates such as
glass, aluminum, and fabric.

As shown in (Figure 28), the developed “SHP Reg” coating was applied on the fabric
(Figure 28, a), while on the other side (Figure 28, b), the fabric is intact. Colored water droplets
were deposited on both sides of the fabric, and as can be seen in the figure, on the side without any
coating the droplets got absorbed within the fabric. On the coated side of the fabric, the fabric has
a superhydrophobic layer on top leading to a high-water contact angle, prohibiting the water
droplets to penetrate the fabric.
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Figure 28. a) Demonstration of the developed superhydrophobic coating applied on fabric b) pristine fabric
without any coating © Helya Khademsameni, 2023.

The water-repellent nature of the developed regenerative superhydrophobic coating is
shown in (Figure 29). The developed coating was spin-coated on a filter paper, showing
superhydrophobic characteristics. Once the paper is pushed into the colored water, it effortlessly
floats to the surface.

Figure 29. The water-repellency of the developed superhydrophobic regenerative coating resulting in
floatation on water surface © Helya Khademsameni, 2023.

Superhydrophobic coatings can benefit from their self-cleaning property in some
applications. Self-cleaning which can be seen in lotus plants in nature, is defined as a property in
which the slide of water droplets off the surface is along with moving the dirt particles and resulting
in a clean surface [160], [161].

To demonstrate the self-cleaning behavior of the fabricated coating, samples on filter paper
(Figure 30) and glass slides (Figure 31) were chosen. With the help of carbon black particles,
simulating pollution on the surface, the self-healing ability of the coating was investigated. Water
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droplets easily remove the dirt from the superhydrophobic coating, resulting in a clear surface
(Figure 30).

Figure 30. Self-cleaning evaluation of the developed superhydrophobic regenerative coating. © Helya
Khademsameni, 2023

To better illustrate, the letters UQAC were covered prior to the coating application on the
slide (Figure 31). The covers were taken off afterward, and therefore the UQAC word was not
covered with any coating. The other parts of the glass slide surrounding the UQAC letters were
coated with the developed “SHP Reg” coating mixture, showing superhydrophobic properties.
Carbon black was sprinkled on all parts of the slide and was attempted to be rolled off the surface
with the help of water droplets. Interestingly, the water droplets on the pristine area (UQAC letters)
were stuck to the surface, meaning a higher adhesion between the water droplet and the
contaminated area compared to the water droplet on the superhydrophobic areas which were easily
rolled off the surface.

Figure 31. Contamination stuck to the pristine areas, in comparison with superhydrophobic areas which is washed off’
with water droplets © Helya Khademsameni, 2023.
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4.3 Self-healing Superhydrophobicity Characterization

To demonstrate the durability of the developed regenerative superhydrophobic coating,
three sets of samples a) “Sylgard”, b) “SHP Ref”, and ¢) “SHP Reg” on glass substrates were
immersed in solutions with pH as low as 2 and as high as 10 (Table 12). At any time that one of
the samples losses its superhydrophobicity, the time is noted and the WCA on all the samples is
reported at that time.

In the first 2 hours of the test, the changes in the water contact angle of the coatings were
examined every 15 minutes. After 2 hours, the first sample (“SHP ref” in pH=10) lost its
superhydrophobicity, therefore the CA on all the samples was recorded at this time as well. After
the first two hours of the test, the changes in the water contact angle of the samples where observed
every hour to determine the point where the “SHP Reg” samples would lose their
superhydrophobicity as well. Finally after 12 hr since the start of the experiment, all samples
including the “SHP Reg” ones lost their superhydrophobicity, showing CA of less than 150°.

Nevertheless, the developed “SHP Reg” regained its superhydrophobicity after 12 hr at
ambient temperature which was not the case for the “SHP Ref” samples. The loss of
superhydrophobicity can be mainly due to an increase in the surface energy of the sample. During
storage at ambient temperature, the superhydrophobic regeneration agents start to migrate to the
surface, lowering the surface energy which results in superhydrophobicity regeneration. After 12
hr at room temperature, a minor increase in the water contact angle on the “Sylgard” and “SHP Ref”
samples can be seen as well, which could be due to the hydrophobic recovery property of PDMS-
based coatings [59].

Table 12. Effect of immersion in solutions with various pH on the developed coatings.

. o CA (°) after CA (°) after CA (°) after
Sample pH  Initial CA (°) 2 hr immersion 12 hr immersion 12 hr in RT
110.3%+1.5 105.7+0.8 97.8+0.7 104.5+0.4
Sylgard
2 110.3%+1.5 108.2+0.6 100.3+1.9 107.3+0.7
10 162.2+0.8 147+1.4 140.1+2.1 147.9+0.6
SHP Ref
2 162.24+0.8 151+£1.2 142.840.8 148+1.4
10 169.5+0.6 1594+0.6 143.3+1.7 165.9+0.6
SHP Reg
2 169.5+0.6 163+0.4 148.5+0.4 166.4+1.4

In order to further attest to the regeneration of superhydrophobicity, the developed “SHP
Reg” samples were treated with air plasma for 8 min. Figure 32 clearly shows the changes in the
water contact angle on the deteriorated coating by plasma. The air plasma could produce
hydrophilic oxygen-containing groups on the surface [162], [163]. The surface becomes
hydrophilic, and the contact angle drops significantly. The transformation from superhydrophobic
to hydrophilic surface suggests a chemical modification on the surface by chemical interaction with
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oxygen and nitrogen radicals and ions along with the presence of polar groups [164] and/or a
modification in surface roughness. However, after being heated to 140°C for 5 min or being kept
at the ambient temperature for 12h, the samples become superhydrophobic again.

Plasma deterioration

Heated at
°C fo

Figure 32. Loss of superhydrophobicity after plasma deterioration and superhydrophobicity regeneration for the
developed superhydrophobic regenerative sample © Helya Khademsameni, 2023.

As for the CAH and SA, since these parameters are highly dependent on the surface
hierarchical topography, the effect of plasma deterioration on them is more severe. After plasma
deterioration, the CAH and SA for the developed coatings could increase up to 34°+2.6° and >30°,
respectively, which after 12 h at room temperature or being kept in the oven for 5 min at could drop
to 13°£3.2° and >20°. Many studies in the field tend to only report the CA values after imposing
the samples to plasma [165], [91], [166]. However, smart coatings which focus on the regeneration
of surface topography with the help of smart polymers such as shape memory polymers are able to
reach desirable values of CAH and SA. These coatings mostly have difficult or complicated
fabrication methods and conditions which can be counted as their drawback. Focus on the full
regeneration of the surface chemical and physical properties which can be seen in nature, is where
the focus in this field is headed towards.

The self-healing property of the developed coatings was further assessed by repeating the
plasma deterioration and healing for several cycles (Figure 33). For a better comparison, both “SHP
Ref” and “SHP Reg” samples were deteriorated by plasma for at least 6 cycles. After each plasma
deterioration, the CA for both samples dropped. After the first round of plasma deterioration, during
the healing phase the CA of the “SHP Ref” only increased to 120°, incapable of regaining the
surface superhydrophobicity. It was only the “SHP Reg” sample that was able to recover its
superhydrophobicity and demonstrate a CA higher than 150° again after each plasma deterioration.

As shown in Figure 33, the developed “SHP Reg” coating was able to regain its
superhydrophobicity for several cycles. After almost six cycles, the coating still showed a CA of
154°. This superhydrophobicity self-healing process of the developed coating can be attributed to
the upward movement of the silicone oil and F-POSS in the coating.
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Figure 33. Wettability changes of superhydrophobic self-heal samples and superhydrophobic reference samples after
air plasma deterioration and the following self-healing process © Helya Khademsameni, 2023.

Surface morphology is one of the most important factors in a superhydrophobic coating
formation [19]. Therefore, to assess the damage that plasma deterioration has brought upon the
surface, a surface profilometry of the “SHP Reg” coating a) prior to any damage b) after plasma
deterioration with a loss of superhydrophobicity and c) after regeneration of superhydrophobicity
by being kept in room temperature for 12h is presented (Figure 34). The roughness values from this
analysis are presented in (Table 13).

Figure 34. 3D surface profiles in tilted view of the SHP Reg sample a) prior to any damage b) after plasma
deterioration which has led to loss of superhydrophobicity c) after regeneration of superhydrophobicity © Helya
Khademsameni, 2023.

It is worth mentioning that root mean square (RMS) roughness signifies the standard
deviation of the distribution of surface roughness height. The pristine “SHP Reg” coating presents
a root mean square (RMS) and arithmetic average (Sa) roughness value of 306.8 nm and 175 nm
respectively. This hierarchical structure was not severely affected by the plasma deterioration, since
in the plasma-treated sample the RMS and Sa only dropped to 225 nm and 150.3 nm respectively.

The hierarchical micro-nanostructures are helpful in the entrapment of air pockets and
leading to the air layer trapped underneath the water droplet leading to the formation of
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superhydrophobicity. By the comparison of the 3D profilometry of the superhydrophobic coating
and the plasma deteriorated one it can be concluded that the loss of the hierarchical roughness is
negligible. Since hierarchical roughness is a requirement for having a superhydrophobic coating,
due to this negligible loss after plasma deterioration, the achievability of the superhydrophobicity
regeneration in the developed superhydrophobic regenerative coating can be justified.

Skewness (S«) represents the asymmetry of the distribution of the surface height relative
to the mean. Surfaces with a Sg>0 are dominated by peaks and surfaces with a Sy«<0 are dominated
by pits or valleys. Sq=0 is a height distribution that is symmetrical around the mean plane [167].
S,shows the maximum height which is the accumulation of the largest peak height value and largest
pit depth value [168]. The negative values for the S« show a domination of the valleys for the
samples.

Table 13. Roughness values of the pristine superhydrophobic and plasma treated coating.

Roughness SHP Reg ?’%i;&[g DETEI;)I%%%D SHP
parameter (nm) DETERIORATED REG AF T]El'; 12 HRIN
RMS (sq) 306.8 225 272.2
Mean roughness (sa) 175 150.3 155.9
Maximum peak height (sp) 3110 2241 2532
Maximum pit height (sy) 2270 2290 2285
Skewness (Ssk) -0.3594 -0.03001 -0.2708
Maximum height (Sz) 5.86 4.53 5.38

In order to examine the self-healing superhydrophobicity mechanism of the developed
superhydrophobic regenerative coatings, various characterization techniques were applied. To
further investigate the surface morphology of the samples, a scanning electron microscope (SEM)
was used. The developed “SHP Reg” coating was observed with SEM in three stages a) prior to
plasma deterioration, b) after plasma deterioration leading to loss of superhydrophobicity, and c)
after superhydrophobicity regeneration (Figure 35). The images show a similar structure on the
coating surface with no obvious change in comparison to before and after superhydrophobicity
regeneration. There is no trace of a huge aggregation of the coating on the samples, which could be
accounted for the favorable wetting of the added particles in the base resin.
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Figure 35. SEM images at magnification of 10kX of a) Pristine “SHP Reg” b) Plasma deteriorated sample with a loss
of superhydrophobicity c) after regeneration of superhydrophobicity © Helya Khademsameni, 2023.

The FTIR spectra study for the “SHP Reg” sample a) prior to any damage, b) after plasma
deterioration leading to a loss of superhydrophobicity, and c) after superhydrophobicity
regeneration is presented below (Figure 36). Peaks at 1259 cm!, and 795 cm™! represent Si-CH3 and
Si-C bonds in the coating and the peak around 2950 cm™' is of asymmetric CHs stretching in Si-
CHs; [169]. The CHs peak is evident in the developed sample prior to any plasma deterioration.
However, for the sample deteriorated by plasma, this peak rarely exists. As evident in the figure,
the peak can be observed once again in the sample with regenerated superhydrophobicity. This
could suggest that the surface chemistry of the samples is prone to changes during plasma
deterioration.

By comparing the spectra of the pristine superhydrophobic sample and the regenerated
superhydrophobic sample, no significant difference was detected. Presence of negligible difference
between the sample prior to plasma and after superhydrophobicity regeneration could indicate that
the sample has been able to regain its primitive surface chemistry. Nevertheless, more precise
investigation is required to perceive a clear view of the changes the developed coating withstands.
Therefore the samples are investigated by X-ray photoelectron spectroscopy as well.
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Figure 36. FTIR spectra of the “SHP Reg” prior to any damage, after plasma deterioration leading to a loss of
superhydrophobicity, and after superhydrophobicity regeneration © Helya Khademsameni, 2023.

To have more clear understanding of the superhydrophobicity self-healing mechanism
governing the coating surface of the developed coating, the coatings were analyzed by XPS. All
the binding energy values were calibrated using the reference peak of Cls at 284.8 eV. Figure 37
shows the survey XPS spectrum of the samples “Sylgard”, “SHP ref”, “SHP Reg” prior to any
deterioration, “SHP Reg” after plasma deterioration and “SHP Reg” after superhydrophobicity
regeneration. The X-ray photoelectron spectroscopy demonstrates the elemental composition of the
coating surfaces. As shown in Figure 37, the “SHP Reg” sample has withstood the increase of O
Is signal for the “SHP Reg” sample after plasma deterioration. Upon plasma treatment, the
generation of hydroxyl, groups on the coating surface could cause the changes in O 1s signals [170].
The signal drops in the “SHP Reg” coating after superhydrophobicity regeneration which shows
that due to the rearrangement of the coating components the hydroxyl groups get covered [171] and
formation of other carbon—oxygen polar groups.
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Figure 37. XPS spectra of the samples Sylgard, SHP Ref, SHP Reg prior to any damage, SHP Reg after plasma
deterioration, and SHP Reg after superhydrophobicity regeneration © Helya Khademsameni, 2023.

Table 14 provides the elemental composition provided by the XPS for each sample. After
plasma deterioration the “SHP Reg” sample turn hydrophilic, which could be attributed to the
presence of hydrophilic polar oxygen-containing groups on the surface after air plasma. Afterward,
due to the difference in surface energy after plasma deterioration, hydrophobic C-H chains in the
matrix migrate to the surface [172]. Generation of hydroxyl groups on the SHP Reg after plasma
deterioration causes changes in the C 1s and O 1s.

Table 14. Elemental composition (% atomic) by XPS analysis of the samples Sylgard, “SHP Ref”, “SHP Reg” prior to
any damage, “SHP Reg” after plasma deterioration, and SHP Reg after superhydrophobicity regeneration

Sample Cls O 1s Si 2p

SHP Ref 47.40 27.84 24.76

SHP Reg after plasma 35.36 24.05 40.59

Ul |
)]



To better elaborate, curve fittings of Cls “SHP Reg” prior to plasma, after plasma
deterioration, and after superhydrophobicity regeneration can be found in Figure 38. The spectrum
is fitted by a combination of four peaks: the peak at 274 eV corresponding to C-Si, the peak at
284.8 eV which corresponds to C—C and C—H moieties, the peak at 286.4 eV corresponding to C—
OH and C-O-C functional groups, and the peak at 286.4 eV which corresponds to C-OH and C—
O—C functional groups [173-175]. The ratio of C-OH and C-O-C in the “SHP Reg” sample before
the plasma deterioration is around 22.65% which increases to 37.12% after plasma deterioration.
However, this ratio drops back to around 23.52% for the sample after superhydrophobicity
regeneration. Therefore, the increase of hydrophilic polar oxygen-containing groups on the surface
after air plasma could justify the decrease in the water contact angle on these samples.
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Figure 38. Cls spectra of SHP Reg a) prior to any damage, b) after plasma deterioration, and c) after
superhydrophobicity regeneration © Helya Khademsameni, 2023.

4.4 Ice adhesion Measurements

4.4.1 Ice push-off test

A comparison between the ice adhesion strength of the “SHP Reg”, “SHP Ref”, and
“Sylgard” samples is presented in (Figure 39). The “Sylgard” sample presents an ice adhesion
strength of 414.1 kPa. However, the ice adhesion strength for the developed “SHP Ref” and the
“SHP Reg” samples was measured to be 215.6 kPa and 71.2 kPa respectively. The ice adhesion
strength for the aluminum sample was also recorded at 650 kPa. On the condition that there is a
transition of Cassie to Wenzel during ice formation on superhydrophobic coatings, the icephobic
behavior of the surface could be affected by the air pockets trapped underneath the formed ice, here
the ice cylinder. This could lead to a decrease in ice adhesion strength which matches the result
presented in (Figure 39) [176], [177]. By comparing the “SHP Ref” and “SHP Reg” samples, a
significant drop in the ice adhesion strength is observed, a drop which can be attributed to the
presence of F-POSS and oil silicone resulting in an increase in the slipperiness of the surface [178].
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Figure 39. Comparison of ice adhesion strength of “Sylgard”, “SHP Ref”, and “SHP Reg” © Helya Khademsameni,
2023.

The durability of the ice adhesion test was evaluated by several icing/de-icing cycles of the
ice push-off test (Figure 40). Each cycle is followed by an interval of 24 h. For “SHP Reg” samples
it could be expected to witness an increase in ice adhesion after each icing/de-icing cycle due to
the depletion of the silicone oil present on the surface [178]. However, the contrary is observed and
the developed regenerating superhydrophobic coating presents an even lower ice adhesion after
each cycle. It could be explained that since in each cycle, the silicone oil present on the surface is
depleted the surface energy of the coating increases, leading to an upward movement of the silicone
oil and the F-POSS from the matrix to the surface in order to lessen the surface energy, ending up
in a low ice adhesion strength of the coating. By following the changes in the ice adhesion of the
regenerative superhydrophobic coating, it can be concluded that this coating can be a proper choice
for passive ice removal.
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Figure 40. The ice adhesion strength of PDMS reference samples, superhydrophobic samples without the
superhydrophobic self-healing agents, and regenerative superhydrophobic samples over five icing/de-icing cycles ©
Helya Khademsameni, 2023.
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4.4.2 Centrifuge Adhesion Test

The second test used in this research to measure the ice adhesion strength on the developed
coatings is the centrifuge adhesion test. In the push-off test, the ice adhesion strength of ice bulk
was measured, however, in the centrifuge adhesion test, the glaze ice adhesion is of focus. The
glaze ice is prone to stimulate harsher icing conditions [179]. The ice adhesion strength of 195.5
and 221 kPa was recorded for the “SHP Ref” and “SHP Reg” samples respectively for the CAT
test. The ice adhesion strength for the Aluminum sample and the “Sylgard” sample were 652 and
255.5 kPa respectively. With the help of the equations demonstrated in the 3.6.2 section of this
study, the ARF of the “SHP Ref” and “SHP Reg” compared to the Aluminum reference were
obtained as 3.33 and 2.95 and in comparison, to the pristine “Sylgard” sample the results were 1.37
and 1.16 respectively.

The same centrifuge adhesion test was repeated once more with a time interval of 24 h.
The aim of this repetition was to observe the effect of the probable migration of
superhydrophobicity regeneration agents to the surface after a potential depletion of low surface
energy material from the coating surface following the first centrifuge adhesion test. This time the
ice adhesion strength for the “Sylgard” sample increased to 342 kPa. The ice adhesion strength
recorded for the second test for the samples “SHP Ref” and “SHP Reg” was recorded at 246.5 and
233 kPa respectively, leading to an ARF of 2.64 and 2.8 in comparison to the Aluminum reference
subsequently. The ARF in the second time in comparison to the Sylgard sample was 1.38 and 1.47
for the “SHP Ref” and “SHP Reg” respectively.

A comparison of the CAT test cycles is provided in Figure 41. The trendline for the “SHP
Ref” sample is an increasing trend as expected, meaning the low durability of the ice adhesion in
the “SHP Ref” coating is in fact affecting the results, leading to an increase of ice adhesion after
each repetition. A trend that can be observed for the “SHP Reg” sample as well. However, this
increase for the “SHP Ref” sample is much greater than the “SHP Reg” sample. To the point that
even though in the first cycle the ice adhesion strength for the “SHP Ref” sample is reported lower
than the “SHP Reg” sample, the contrary can be remarked for the second cycle. The absence of
superhydrophobicity regeneration agents in the “SHP Ref” results in low ice adhesion durability
after two cycles. Nevertheless, the presence of F-POSS and silicone oil in the “SHP Reg” sample
has made a big difference in the ice adhesion durability of this coating, a result that makes this
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coating an appropriate choice for real-life applications where the durability of the ice adhesion is
of great importance.
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Figure 41. Ice adhesion strength measurements centrifuge tests for two cycles on “SHP Ref” and “SHP Reg” samples
© Helya Khademsameni, 2023.

4.5 Conclusions

Fabrication of regenerative superhydrophobic coatings with the ability to become
superhydrophobic again after damage to the superhydrophobicity layer is the focus of this research.
According to this objective and based on the provided literature review, fabrication method and the
material for the development of the desired coating were chosen. A superhydrophobic regenerative
coating containing aerogel microparticles and polydimethylsiloxane nanoparticles is developed and
spin-coated on substrates. Of the factors influencing these choices, the final application which is
electrical insulators, cost, efficiency, and performance can be mentioned. This coating also contains
superhydrophobicity regeneration agents which their efficiency in the coating is put at test by
plasma deterioration and pH immersion. Based on their efficiency and compatibility with the
coating components, FLO578 Trifluoropropyl POSS and Xiamater PMX-series silicone oil were
chosen as these agents for this research. The coating was then optimized to have the best possible
superhydrophobicity regeneration agents. After studying the effect of each superhydrophobicity
regeneration agent and achieving the best ratio of coating components, the coating was optimized.
The final coating showed a contact angle as high as 169.5+0.6°. The coating also showed excellent
water repellency and self-cleaning properties after water immersion and dry contamination tests.
Two sets of reference samples, one being a superhydrophobic reference sample and the other one
a base resin reference sample are developed as well.

This chapter step by step explained the coating fabrication and optimization process of the
regenerative superhydrophobic coating. Effects of each self-healing superhydrophobicity agent and
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the ratio of their content on different parameters were observed, and the coating formulation was
optimized. The superhydrophobicity regeneration of the developed coating was attested by
damaging the coating through various pH immersions and plasma deterioration. In comparison to
the reference superhydrophobic coating, the developed superhydrophobic regenerative coating
showed a contact angle as high as the primary contact angle after both tests, showing a favorable
performance for the overall application. After each plasma deterioration, the developed coating was
able to recover its contact angle without human intervention. During these evaluations, the CAH
and SA were increased. The superhydrophobicity regeneration ability was characterized by water
contact angle measurement, Profilometry, XPS, and FTIR analysis. The test results confirmed the
superhydrophobicity regeneration of the coating.

To better evaluate the performance of the developed coating for the real-life application
ice adhesion measurements of the developed coatings were investigated through two testing
approaches of push-off test and centrifuge adhesion test. The push-off test was conducted for
several icing/de-icing cycles, proving the ability of the developed coating to maintain the relatively
low ice adhesion. The centrifuge adhesion test which normally presents a harsher testing
environment proved the durability of the developed coating in the means of ice.
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FIFTH CHAPTER
CONCLUSIONS AND FUTURE RECOMMENDATIONS

5.1 Conclusions and contributions of this dissertation

The presence of ice or pollution on the electrical infrastructures such as electrical insulators
could be harmful to their functionality. Superhydrophobicity could serve these infrastructures
greatly. It could firstly decrease the nucleation points and therefore delay ice formation on the
insulators. Secondly, due to the self-cleaning application of superhydrophobic surfaces, it could
delay or decrease the chances of a film formation of conductive particles left on the surface of these
infrastructures. Hindrance in heat transfer and water rebound on the surface of superhydrophobic
surfaces could be beneficial as well. Therefore, the addition of superhydrophobic coatings on the
electrical insulators seem to be an appropriate response to the mentioned issue.

There are various fabrication methods for superhydrophobic coatings, and they can be
made from various materials. These coatings, however, tend to have low durability, which could
be considered as their major drawback. Fabrication of regenerative superhydrophobicity, coatings
with the ability to become superhydrophobic again after a loss to the low-surface energy layer or
the hierarchical topography, could be the right response to tackle this issue. These coatings obey
certain self-healing principles, of which migration of low-surface energy materials to the surface
in case of a loss of superhydrophobicity, is the focus of the current work.

A PDMS-based superhydrophobic coating containing hydrophobic aerogel microparticles
and fumed silica after-treated with polydimethylsiloxane nanoparticles was fabricated via the spin-
coating method. In order to achieve superhydrophobicity regeneration, the addition of self-healing
superhydrophobicity agents into the coating is a necessity. Due to the great potential of F-POSS in
increasing the coating hydrophobicity and silicone oil in decreasing the surface energy, FL0578
Trifluoropropyl POSS (F-POSS) and Xiamater PMX-series silicone oil were added to the coating
mixture. The coating was deposited on substrates with the help of the spin coating fabrication
technique. Use of fluorinated particles as superhydrophobicity regeneration agents has been proven
before in other works. For silicon oil though, the benefits were more related to icephobicity
properties and were used less commonly in the field of superhydrophobicity. This research presents
a simultaneous use of both F-POSS and silicone oil as superhydrophobicity regeneration agents
and evaluates the role of these agents in the regeneration of superhydrophobicity. The delicacy and
novelty of this research is the simultaneous use, optimization of the coating to find the best ratio of
them, and the final application of the coating.

In order to determine functionality of the superhydrophobicity regeneration agents, three
sets of coatings were fabricated: one containing only F-POSS as a superhydrophobicity
regeneration agent, one containing only silicone oil, and the last set containing both F-POSS and
silicone oil. The superhydrophobicity regeneration of the samples was tested by plasma
deterioration and samples containing both F-POSS and silicone oil showed better
superhydrophobicity regeneration results.
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After samples with both F-POSS and silicone oil proven to bring the best results during the
optimization period, determination of the most suitable ratio of these agents in the coating mixture
was the task to be focused on. To tackle this challenge three sets of samples containing both F-
POSS and silicone oil with different ratios (4:1,1:4,1:1) were fabricated. The developed samples
were attested by plasma deterioration and samples containing more F-POSS than silicone oil
showed better superhydrophobicity regeneration results.

The final coating showed excellent superhydrophobic and icephobic properties and the
self-cleaning properties of the developed coating were observed through dry contamination tests.
The regeneration of superhydrophobicity was attested for six cycles of plasma deterioration, in
which the coating was able to recover its superhydrophobicity without human intervention in each
cycle. The superhydrophobicity regeneration ability was observed with water contact angle and
FTIR measurements. The superhydrophobicity regeneration of the developed coating was also
tested by immersion in various pH solutions, which the developed regenerative superhydrophobic
samples were the only ones that were able to regain their superhydrophobicity in comparison with
PDMS reference sample and superhydrophobic reference sample without any superhydrophobicity
healing agents. Moreover, the final developed coating showed low ice adhesion compared to the
reference samples which is evidence of the anti-icing capability of the developed coating, a
capability that was tested for several cycles.

5.2 Recommendations for future work
Implementing complementary tests

Complementary tests could examine the developed coatings more comprehensively.
Severe pressing of water droplets on the coating can be recorded by the initial water contact angle,
the water contact angle at the time of pressing, and in the lifting stage. Moreover, dropping a water
droplet on the superhydrophobic coatings can demonstrate the droplet behavior at the impact time
and the following rebounds.

Optimization of the current coating regarding the mechanical properties

The mechanical durability of the coating should be further explored. The developed coating
can be tested by various test methods such as sandpaper abrasion or sand impact to demonstrate
mechanical durability. The obtained results can be compared with the reference samples.

Coating fabrication with a wider variety of superhydrophobicity regeneration agents

The current coating was fabricated with FL0578 Trifluoropropyl POSS (F-POSS) and
Xiamater PMX-200 50 cSt silicone oil as superhydrophobicity regeneration agents. The next step
of this work could be focusing on other superhydrophobicity regeneration agents, such as other
silicone oils in the family of PMX-200 series, with different viscosities and special gravity.

Experimenting various environmental conditions for the superhydrophobicity regeneration
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After the superhydrophobicity is ruined with methods such as plasma deterioration or
various pH immersions, the samples could be held in different environmental conditions so that the
effect of temperature and humidity on the healing process can be studied.

Deployment of electrical tests on the fabricated coatings

Since the final application of the developed coatings is to be used on electrical insulators,
these coatings can be tested with various electrical tests. Of which, flashover tests in dry and humid
environments, would demonstrate the ability of this coating to be used in real-life applications.

Providing complementary icephobicity tests

Additional tests can demonstrate the ability of the developed coating under various icing
conditions. Freezing delay time on the developed coating can be measured and compared with the
reference samples. Another approach could be manipulating the healing process between each cycle
of push-off and centrifuge test. It can be done by putting the sample in an environment with high
temperature, low temperature, high humidity, immersed in acidic or basic solutions and etc.

Focus on Hysteresis regeneration

In the literature review chapter, the superhydrophobicity regeneration principles were
thoroughly discussed. These principles were categorized into three categories: 1) Transportation of
low-surface energy materials to the surface, 2) Regeneration of hierarchical topography, and 3) a
combination of the two. This research focused on the first principles and developed coating
according to these healing principles. A future step for this research could be the implementation
of the second principle as well and having a final coating with more of a focus on hierarchical
topography regeneration.
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