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ABSTRACT

Accumulated ice on exposed surfaces leads to operational difficulties and extensive

maintenance for power transmission lines, antennas, aircraft, ships, and ground

transportation vehicles.

In the present study, the low pressure plasma polymerized Hexamethyldisiloxane

(PP-HMDSO) film is deposited on aluminum surfaces to create a superhydrophobic coating

with icephobic properties. Prior to the deposition of this low surface energy coating,

aluminum surfaces were anodized or immersed in boiling water to make micro/nano

structured surfaces.

Plasma parameters were optimized in order to find the best optimum conditions for

having high static contact angle and low contact angle hysteresis. Hence, the Grey-based

Taguchi method was used as one of the Design of Experiment (DOE) techniques. The

stability of coatings was studied under accelerated aging conditions such as UV

degradation, immersion in distilled water and different pH solutions, and several icing/de-

icing cycles. It was observed that the PP-HMDSO coatings are quite stable against UV

exposure and immersion in distilled water. However, the icephobicity of the PP-HMDSO

coating deposited on the anodized aluminum decreased after fifteen icing/de-icing cycles.

The stability of the developed coating was improved against several icing/de-icing

cycles by increasing the deposition time of plasma polymerized coating from 15 to 25

minutes. The results showed that increasing the deposition time of plasma polymerization

leads to decrease of the ice adhesion strength of coatings on anodized aluminum while it

has no significant effect on the PP-HMDSO coating deposited on a water-treated aluminum

surface. Finally, the superhydrophobic PP-HMDSO coating also provides anti-corrosion

protection for the aluminum substrate.



RESUME

L'accumulation de glace sur les surfaces exposées conduit à des difficultés

opérationnelles et des efforts? de maintenance élevés pour les lignes de transport

d'électricité, les antennes, les avions, les bateaux et les véhicules de transport terrestre.

Dans ce travail, le dépôt de Hexaméthyldisiloxane polymérisé par plasma à basse

pression (HMDSO-PP) a été réalisé pour créer des revêtements avec des propriétés

superhydrophobes/glaciophobes sur la surface de l'aluminium. Avant de réaliser le

revêtement à faible énergie de surface, les surfaces d'aluminium ont été anodisées ou

immergées dans de l'eau bouillante pour produire des surfaces micro/nano structurées.

Les paramètres du plasma ont été optimisés pour trouver les conditions optimales afin

d'obtenir un angle de contact élevé et une faible hystérésis de l'angle de contact. Pour ce

faire, la méthode Taguchi-Grey, a été utilisée comme l'une des techniques de conception

expérimentale (DOE). La stabilité des revêtements a également été étudiée dans des

conditions de vieillissement accéléré tels que la dégradation par UV, l'immersion dans de

l'eau distillée, et les solutions avec différents pH, et l'effet de plusieurs cycles de

glaçage/de- glaçage. Les résultats obtenus ont montrés que les revêtements PP-HMDSO ont

de bonnes stabilités après l'exposition aux rayons UV et après l'immersion dans de l'eau

distillée. Toutefois, la propriété de glaciophobe du revêtement PP-HMDSO déposé sur

l'aluminium anodisé a été diminuée après quinze cycles de glaçage/de- glaçage.

L'étude de l'effet du temps de dépôt de PP-HMDSO ont montré que l'augmentation

du temps de dépôt conduit à une diminution de la force d'adhérence de la glace sur un

revêtement de PP-HMDSO déposé sur l'aluminium anodisé alors qu'il n'a pas d'effet

significatif sur le revêtement PP-HMDSO déposé sur la surface d'aluminium traitée dans

l'eau bouillant. Ainsi, le revêtement PP-HMDSO superhydrophobe a également fourni une

protection contre la corrosion au substrat d'aluminium.
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CHAPTER I

INTRODUCTION

1-1- Research problem description

In the word's cold climates, ice accumulation on aircraft and aerospace components,

transport vehicles, electrical fittings, and connectors creates many problems. For example,

the January 1998 ice storm in a vast area of North America caused massive damage to the

electrical infrastructure, leading to widespread long-term power outages [1-4]. Hence,

developing techniques to reduce ice accumulation on structures is receiving special

attention. One solution to this problem is producing a weak ice adhesion coating, called

icephobic coating on the outdoor surface structure [5]. Many research initiatives are

underway to develop a superhydrophobic and hydrophobic coating with icephobic

properties [6-9].



In general, the superhydrophobicity of a surface is the result of a combination of low

surface free energy and surface roughness [10]. The superhydrophobic coating with

icephobic properties should have a low adhesion to ice, and it must ease the removal of ice

from the surface.

Plasma technology is one of the proven methods used to create superhydrophobic

surfaces. Plasma technology takes advantage of highly reactive plasma species to modify

the functionality of various substrates. It is one of the most common surface treatment

technologies most common being used for surface activation, cleaning, adhesion

improvement, anti-corrosion coatings, and biomédical coatings. The plasma polymerization

process serves to deposit the coating by using the active species created by the plasma. The

plasma polymerization method is economically and industrially attractive for the following

reasons: it is typically an environmentally friendly, short and energy-efficient process

which can be used to deposit a thin polymer film by using a low quantity of reagents [11].

The selection of the precursor in a plasma polymerization method is the primary

effective parameter in creating a low surface energy material coating. The most popular

precursors, which are used for the fabrication of a hydrophobic/superhydrophobic coating

by using plasma polymerization methods, are organosilicon and fluorocarbon precursors.

Fluorocarbon polymers are well known for their low surface energy especially attributed to

CF2 and CF3 groups. These polymers are changed into a broad range of elements to produce

custom tailored films because of their biocompatibility, low friction coefficient, the

chemical composition, and the degree of cross-linking [12]. As well, organosilicon



monomers are a suitable choice for further studies due to their usual liquid state, volatility,

safe handling, availability, and low cost [12]. Hexamethyldisiloxane (HMDSO), a safe and

easy to handle organosilicon precursor, has been extensively employed for plasma polymer

layer deposition in many applications.

A wide variety of plasma processing parameters, such as input power, monomer flow

rate, distance between substrate and monomer inlet as well as deposition time and pressure

can directly affect the chemical and physical characteristics of the plasma's thin film. In

most studies, influential parameters have been investigated separately and kept constant

individually, without attempting to show their synergistic or antagonistic effects. So, it is

not an easy task to determine the optimal parameters without performing a tremendous

number of experiments. However, a systematic approach using factorial experimental

design can be used to simplify the experimental burden. Therefore, an inexpensive and

easy-to-operate experimental design to study the interactive impact of various factors on a

given surface is important and necessary. The Grey-based Taguchi method, one of the

Design of Experiment methods (DOE), can be used to solve complicated interrelations

between multiple performance characteristics [13].

The durability and stability of the coatings are important factors in the lifetime of a

coating under extreme environmental conditions. Many experimental studies created

superhydrophobic coatings by different methods, but few examine the durability of these

coatings under simulated environmental conditions such as UV degradation, rainwater and

ice-accumulation. UV-degradation is an important aging process when coatings are



exposed to atmospheric weathering conditions. Rainwater is another environmental

problem, with a normal pH of 4- 6, that needs to be simulated the outdoor conditions and

also to compare the effect of natural and basic solutions, the coating is immersed in various

pH solutions. In addition, the coating is immersed in distilled water for many hours in order

to study the durability of a superhydrophobic coating. Finally, the stability of the coating

after several icing/de-icing cycles is considered as an important factor in cold regions.

1-2- Objective

The aim of our research is to create a stable icephobic coating by using low pressure

plasma polymerization of a HMDSO coating deposited on aluminum surfaces. The effect of

different plasma parameters will simultaneously be optimized in order to obtain maximum

contact angle and minimum contact angle hysteresis. In the present work, the stability of

plasma polymer thin film has been surveyed under accelerated aging conditions, which are

UV exposure, immersion in various pH solutions, and several icing/de-icing cycles.

Thus, the specific objectives of this research are defined as follows:

- Creating the micro/nano structured roughness of an aluminum surface by using two

industrial methods: anodization and immersion in boiling water (boehmitage);

- Selecting the suitable monomer in order to create a superhydrophobic surface;

- Minimizing the number of experiments for optimization of plasma processing parameters

in order to have the highest contact angle and the lowest contact angle hysteresis by using

the Grey-based Taguchi method as a DOE method;



- Studying the physical and chemical characterization of plasma polymerized coatings;

- Studying the stability of plasma polymerized coatings under accelerated aging conditions

(several icing/de-icing cycles, UV-degradation and immersion in various pH solutions);

- Improving the stability of plasma polymerized coatings;

- Studying the corrosion resistance of superhydrophobic surfaces.

I-3-Statement of Originality

As will be presented later in this thesis, in the literature review, the superhydrophobic

surfaces with icephobic properties has been achieved by using different techniques. The

low pressure plasma polymerization method is an environment-friendly technique that has

many advantages such as good adhesion to all substrates, as well as mechanical, chemical

and thermal stability. To the best of our knowledge there have been no experiments done on

the fabrication of icephobic coating using a low pressure plasma polymerization technique

with high durability under various outdoor conditions, such as UV degradation, immersion

in various pH solutions, and especially after successive icing/deicing cycles. The research

work in this Ph.D. thesis was carried at the CIGELE (the Industrial Chair on Atmospheric

Icing of Power Network Equipment) and INGIVRE (the Canada Research Chair on

Engineering of Power Network Atmospheric Icing) laboratories à l'université du Québec à

Chicoutimi.

1-4- Overview of thesis

The thesis is divided into seven chapters as follows:



Chapter one provides a brief introduction to the problem of ice accumulation and a

solution to this problem. It also summarizes the objectives of the thesis and includes a

brief overview of it.

Chapter two presents an overview of surface wettability, superhydrophobic surfaces, and

their application for anti-icing coatings. It also provides a literature review on the effect of

plasma process parameters on wettability of plasma polymerized coatings and their

stability under accelerated aging conditions.

Chapter three takes a closer look at the set-up of the plasma reactor used in this study;

DOE method and characterization techniques in order to analyze the plasma polymerized

thin films. The surface analytical techniques such as contact angle measurement, Fourier

transform infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS),

Atomic force microscopy (AFM)9 Scanning electron microscopy (SEM), and

Ellipsometry are introduced. As well, the QUV accelerated weathering instrument, wind

tunnel, centrifugal instrument, and Electrochemical test are also explained.

Chapter four describes the initial steps of the surface treatment methods as well as how

the plasma process parameters (input power, deposition time, monomer flow rate, and

distance from monomer flow inlet) are simultaneously optimized by using the Grey-based

Taguchi method. It also describes how the optimum plasma parameters are obtained in

order to have high contact angle and low contact angle hysteresis.

In chapter five, the stability of the plasma polymer coatings under the optimum conditions

given in the previous chapter is discussed in terms of UV degradation, immersion in

various pH solutions and several icing/de-icing cycles. The physical-chemical



characteristics (wettability, surface morphology, and chemical surface composition) of

plasma polymerized HMDSO deposited are also studied.

In chapter six, the effect of deposition time of plasma polymerization on the stability of

the surface under accelerated aging conditions is studied; the results are compared with

the results obtained in chapter five. As well, the corrosion resistance of the developed

surfaces is studied by an electrochemical test.

In chapter seven, the thesis is concluded and some recommendations are given for future

work.
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CHAPTER II

REVIEW OF BACKGROUND LITERATURE

Introduction

This chapter presents a brief overview of wettability in addition to the concept of

superhydrophobicity and its applications. Then, it focuses on the anti-icing application of a

superhydrophobic coating developed through different techniques. Afterwards, the plasma

treatment and the plasma polymerization method to develop thin films are introduced. As

well, a review of the recent research on the influences of plasma process parameters in the

development of hydrophobic and superhydrophobic surfaces is presented. Finally, a

literature review about the stability of different coatings under accelerated aging conditions

such as UV degradation, immersion in various pH solutions, and corrosion resistance is

presented.



II-l- Wettability and superhydrophobicity

The wettability of the surface is evaluated by measuring the contact angle. This

contact angle is a result of the interface/surface tensions (surface free energies) between

liquid and solid, which are surrounded by vapor, (Figure II. 1). It has been shown that the

maximum contact angle attainable on a flat surface by lowering the surface energy cannot

exceed 120° [14]. The contact angle is measured according to Young's equation, Equation

II. 1, for flat, rigid, and homogeneous surfaces. In conformity with this equation, the contact

angle depends on the surface energies of the involved interfaces. These surface energies

come from the solid, liquid, and solid/liquid interfaces [15].

Figure II. 1: The interfaces and contact angle of a water droplet.

Ylv

Where,

- Ysv: Surface energy of solid/vapor (N/m)

- Ysi: Surface energy of solid/liquid (N/m)



- Yiv: Surface energy of liquid/vapor (N/m)

- 0c: Contact angle between solid/liquid (°)

Superhydrophobic surfaces are defined as a surface with a contact angle greater than

150°. Furthermore, the self-cleaning property of a superhydrophobic surface is referred to

as the lotus effect since water droplets do not wet the surface and easily roll off to remove

dirt and debris (see Figure II.2) [16].

Figure II.2: The photos of water droplet on the lotus leaves [17].

Superhydrophobic surfaces can be generated by two main approaches: (i) either the

creation of a rough surface from low surface energy materials or (ii) the creation of a rough

surface followed by the application of a low surface energy material coating [18,19].

Contact angle hysteresis is defined with regards to dynamic contact angles, i.e.

contact angles related to moving liquid fronts [20]. For a droplet moving along a solid

surface, the contact angle at the front of the drop is an advancing angle and at the back, a

receding angle. The difference between an advancing and a receding angle is known as

contact angle hysteresis.
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To measure the contact angle on the surface has deliberately been made rough, the

effect of roughness on the solid/liquid interface should be taken into account. Many studies

have tried to find a relationship between surface chemical energy, roughness, and contact

angle; however two main regimes exist are generally accepted in all studies namely the

Wenzel regime and the Cassie- Baxter regime (Figures II.3a-b).

Figure II.3: Schematic of a) Wenzel regime and b) Cassie-Baxter regime.

In the Wenzel regime, the liquid drop is in contact with the whole surface of the

substrate, penetrating into the interstices among surface projections. The contact angle is

expected to increase as the surface roughness also increases. The Wenzel regime is defined

by Equation II.2 for the contact angle on a rough surface:

Cos0* = r.cos0c

Where

- 0*: Apparent contact angle (°)

- r : Roughness factor

(II.2)
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- 8C : Contact angle of flat surface (°)

The roughness factor is defined by the actual surface area divided by the projected

surface area. Therefore, the surface roughness is more than 1. The Wenzel model predicts

that a hydrophobic surface with increasing roughness becomes even more hydrophobic,

while a hydrophilic surface with increasing roughness becomes more hydrophilic [21]. On

the other hand, Wenzel-type surfaces are generally characterized by a high contact angle

and contact angle hysteresis, and water droplets have been stuck onto its surface because

the texture hinders the motion and points to a large force of adhesion.

In the Cassie-Baxter's model [22], the water drop is facing a composite of substrate

projections and the air trapped between them, which allows the water to freely roll off (self-

cleaning behavior). The contact angle values in this model are determined by the fractions

of solid and air facing the drop, as in Equation II.3:

cos 0* = / . {cos9 + 1) - 1 (II.3)

Where:

- 9*: Apparent contact angle (°)

- / : Surface fraction (the ratio of surface top-post to projected surface)

- 9 : Contact angle of flat surface (°)

Generally, Cassie-Baxter-type surfaces are characterized by high contact angle and

very low contact angle hysteresis. The low value of / shows the existence of trapped air
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between projections along the rough surface that leads to water droplets' rolling.off the

surface because of the low adhesion force.

Many different methods have been developed to fabricate superhydrophobic surfaces

[6,23-30]. These surfaces have a number of practical applications in various areas such as

cleaning coatings [31], biomédical [10], anti-icing [30,32,33], anti-fouling [34,35] and anti-

corrosion [32], anti-sticking surfaces [36], anti-contamination of glass surfaces such as

windows in buildings and windshields in vehicles [37]. Several studies showed a good

correlation between hydrophobicity, especially superhydrophobicity and icephobicity of

surfaces [7,30,32,38-43]. Hence, the fabrication of hydrophobic and superhydrophobic

surfaces has much promise in anti-icing application.

II-2- Icephobicity

In cold climate regions, ice and snow accumulation on power transmission and

distribution line conductors can lead to either mechanical failure or insulator flashover.

This accumulation may cause power outages with major socio-economic consequences, as

was the case with ice storms in Canada during 1998 and 2007 (see Figure II.4).

Figure 114: Ice storms 1998 and 2007, Canada [44].
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Over the past decades, different methods have been developed to reduce ice adhesion

on exposed surfaces. In general, the two different strategies adopted to reduce ice deposits

on overhead transmission lines are de-icing methods and anti-icing methods [5].

De-icing methods are used in order to shed the ice sleeve when a critical amount of

ice has accumulated on a conductor. The aim of de-icing methods is to remove ice

accumulations by using techniques such as freezing point depressants (salt, chemical

sprays, etc.) for highways, de-icing fluids (e.g. ethylene and propylene glycols) for aircraft,

mechanical vibration of cables, Joule heating of the conductors, and electrolysis. Most of

these techniques require a great deal of energy and resources. In addition, these techniques

sometimes may involve surveillance of lines and on-site intervention. When ice has already

accumulated on a surface, these de-icing methods are employed [5].

The second strategy, anti-icing, is applied to prevent ice adhesion and accumulation

on exposed surfaces at subzero temperatures. These methods must be implemented before

the formation of ice by producing coatings that weaken ice adhesion. This coating acts

directly at the interface between the ice and the exposed surface. It consists of preventing

the freezing of super-cooled water droplets upon impact with the protected surface and

using a combination of different methods in order to limit ice accretion [5]. Anti-icing

methods are sought after because they can avoid some of the expenses and environmental

costs of de-icing.

To prevent the growth of ice, it is necessary to understand how it forms under
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atmospheric conditions. According to ISO-12494 [45], atmospheric icing is traditionally

classified into two different formation processes, namely precipitation icing and in-cloud

icing. The physical properties and the appearance of the accreted ice will vary widely

according to the variation in meteorological conditions during ice growth. Tables II. 1 and

II.2 and Figure II.5 give the typical properties and major meteorological parameters

controlling ice accretion.

Table II. 1, Typical properties of accreted atmospheric ice [45]

Type of ice

Glaze

Wet snow

Hard rime

Soft rime

Density (kg/m3)

900

300-600

600-900

200-600

Adhesion and
cohesion

Strong

Weak (forming)
Strong (frozen)

Strong

Low to medium

General appearance

Color

Transparent

White

Opaque

White

Shape

Evenly distributed/
icicles

Evenly distributed/
Eccentric

Eccentric/ Pointing
windward

Eccentric/ Pointing
windward

Table II.2, Meteorological parameters of accreted atmospheric ice [45]

Type of ice AirT(°C)
Wind speed

(m/s)
Droplet

size
Water

content in air
Typical storm

duration

Precipitation icing
Glaze (freezing rain

or drizzle)
Wet snow

-lOtoO

0-3

Any

any

Large

Flakes

Medium

Very high

Hours

Hours
In-cioud icing

Glaze
Hard rime
Soft rime

See Figure II.5
Medium
Medium

Small

High
Medium

Low

Hours
Days
Days
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Figure II.5, Type of accreted ice as a function of wind speed and temperature [45]

When these types of atmospheric ice are compared, glaze ice is denser and exerts

greater static/dynamic forces to the equipment. Also it conducts electricity more easily and

is more dangerous for the performance power network components [45].

Several attempts have been made at CIGELE to produce hydrophobic and

superhydrophobic surfaces in order to reduce ice adhesion strength. Methods listed in Table

II.3, include spin-coating, dip-coating, spray-coating, self-assembly, sputtering plasma, and

electrochemical deposition.
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Table II.3: Summary of some of CIGELE research work for creating icephobic coating.

Technique

Spin-coating
Plasma sputtering

Spin coating
Dip- coating

Plasma sputtering

Dip-coating
Spin-coating

Self-assembly

Plasma Sputtering

Electrochemical
deposition

Dip-coating
Spin-coating
Spray coating

Spin Coating

Sol-gel
plasma enhanced
chemical vapor

deposition

Material

Metalic nanopaticles
Teflon

ZnO or TiO2
Fluoroalkyl-silane

Teflon

Fluoropolymer
Silicone rubber

Silicone rubber

Teflon

Teflon

Organosilane
TiO2-Zonyl

Silicone rubber

Methanolic ZnO
C2F6 and Teflon

Results
CA>150°
CAH<10°

ARF = 4 -8 . 1
CA=163°-165°

CAH = 2°-4°
ARF = 3.44

CA=150°-153°
CAH = 4.5°-7°
ARF = 3.5-4.4

CA=143°-147°
DFT= 12-13
CA=165°
CAH = 3°
ARF = 3.5

CA=130°-150°
ARF = 2.5-4.88
CA = 153°-150°
CAH = 5.7°-80°
ARF = 3.5-4.4

CA=160°
CAH = 7°

CALT=125°(at-10°C)
DFT = More than 10 min

CA=164°
CAH = 2.5°

Ref

Safaee et. al. [39]

Noormohammed et.
al. [46]

Farhadi et. al. [8]

Arianpour et. al. [9]

Jafari et. al. [47]

Menini et. al. [6,48]

Kulinich et. al. [49]

Momen et. al. [24]

Sarkar et. al. [50]

CA: Contact angle
CAH: Contact angle hysteresis
ARF: Adhesion reduction factor
CALT: Contact angle at Low Temperature
DFT: Delay freezing time

The anti-icing coating can also delay the freezing time [51�53]. Guo et al. [51]

compared the delayed freezing time (at temperature -10°C) of different rough surfaces

coated with ZnO nanohairs. They found that freezing time for the surface with a

micro/nano structure (contact angle ~ 150 °) is around 7220 seconds. Freezing time is
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approximately 1740 seconds for the nano structured surface (contact angle - 120°). For the

surface with a micro structure and also the smooth surface (contact angle ~ 90°), the delay

freezing times are 30.5 seconds and 1260 seconds respectively (Figure IL6). The results

showed that the combination of both nano structure and microstructure leads to an

increased the ratio of trapped air; thus the drop was greatly suspended. On a nanostructure

surface, the water-condensed drops cannot be suspended, due to the lack of a

microstructure. When a microstructure surface and a smooth surface are compared, water-

condensed drops on the microstructure may collapse more easily than on the smooth

surface due to intrinsic contact states.

10 nim
Figure II.6: In situ observation of ice formation on different structured surfaces at �10 ° C with

freezing delay times (MN: micro/nano-structured surface, N: nano-structured surface, M: micro-
structured surface and S: smooth surface) [51].
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In addition, other studies have shown that superhydrophobic surfaces with low

contact angle hysteresis can keep their hydrophobic properties at low temperatures [54].

They showed that the superhydrophobic properties of the surface have been kept at working

temperatures varying from -10°C to 17.5°C5 as shown in Figure II.7. This property is due to

the surface micro/nano scale roughness and the hydrophobicity of stearic acid.
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B
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15 20

Figure 11.7: Variations of contact angle of a superhydrophobic aluminum surface at different
temperatures [54].

Nevertheless, a few studies did not agree with this hypothesis [55,56], Chen et al.

[55] have shown that hydrophilic and hydrophobic surfaces have a lower ice adhesion

strength than superhydrophobic and superhydrophilic surfaces (see Figure II.8). They

investigated a correlation between the ice adhesion strength and the area fraction of air in

contact with a liquid. Their results showed that ice adhesion strength increases linearly with

the increases of the area fraction of air in contact with a liquid.
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Figure II. 8: Average ice adhesion strength on four different silicon wafer surfaces (superhydrophilic

to superhydrophobic) measured at -15 °C [55].

In order to investigate the relation between icephobicity and hydrophobicity, the

following factors should be considered: the deposition of specific functional groups of a

low surface energy material coating, the method of accumulating ice on the surface, the

type of ice, and the morphology of the surface. The deposition of low surface energy

materials leads to the creation of a hydrophobic coating, but the effect of specific functional

groups can lead to improve hydrophobic characteristics. Hare et al. [57] showed that the

surface energy of hydro/fluorocarbon groups decreases in the following manner: -CH3 > -

CH2 > -CF2 > -CF3. Also, the increase of methyl groups on structures of organosilicon

precursor causes them to gain more hydrophobic properties. In most of the research studies,

the accumulation of ice was performed in a wind tunnel in order to simulate real

atmospheric ice conditions [7]. While in other cases, the delay time of water frozen on a

surface was studied [55]. Sarshar et al. [53] showed that the superhydrophobic surfaces can

also lead to the delay of ice formation.
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It is to be noted that by changing the aerodynamic conditions of the closed-loop low-

temperature wind tunnel, different types of ice can be accumulated. Therefore, between

these types of atmospheric ice (glaze ice, hard and soft rime ice), glaze ice is denser and

exerts stronger static/dynamic forces on the equipment [39,46].

Finally, the relation between the roughness of the coating and the diameter of liquid

droplets can have an effect on how ice adheres to a surface. Jung et al. [56] showed that

superhydrophobic surfaces may not necessarily offer the best choice for icephobic

applications. Nanometer scale smooth surfaces showed much better icephobic properties

under the studied controlled conditions [56].

II-3- Plasma treatment

Plasma describes the state of (partially) ionized gases composed of electrons, ions,

photons, and various neutral species at different levels of excitation and it also is sometimes

referred to as the fourth state of matter [58]. Plasma technology is a suitable method for

surface treatment. It can tailor polymers in different forms in order to modify their surface

properties without changing their intrinsic bulk properties. Moreover, it is dry and clean,

without any significant ecological concerns.

Plasma systems usually operate in the range of low frequency (40- 450 kHz), radio

frequency (13.56 MHz or 27.12 MHz), and microwave (915 MHz or 2.45 GHz) [59].

Generally, plasma polymerization is categorized according to the pressure in which the

process is carried out: (1) low pressure plasma polymerization (the pressure is lower than
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atmospheric pressure, usually in the range of a few Pascal) and (2) atmospheric pressure

plasma polymerization. However, each has its own advantages and disadvantages. Plasma

parameters are easier to control in low-pressure situations than in normal atmospheric

pressure. One of the main attractions of low pressure plasma technology regards the lower

amounts of processed gases involved, which are better for the environment [60]. Also, it

can generate more homogeneous films with fewer impurities [32]. On the other hand,

atmospheric pressure plasma reactors require less energy and offer shorter process times

compared to low-pressure plasma [59].

As shown in Figure II.9, plasma technology can be used for various surface

modifications such as:

> Etching and cleaning of surface layers

> Chemical surface functionalization

> Deposition of solid films (plasma polymerization)

Figure II.9: Schematic of plasma surface modifications a) etching and cleaning, b) functionalizing
and c) deposition of a thin film.
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II-4- Plasma polymerization

Plasma polymerization involves thin film deposition, a technique for fabricating thin

polymer coating from almost any organic or inorganic precursor in order to create

hydrophilic/hydrophobic surfaces [11,12,61]. Plasma polymerization offers a number of

advantages over other polymerization methods. The most significant advantage of plasma

polymerization is its ability to produce polymer films of organic compounds that do not

polymerize under normal chemical polymerization conditions. Nearly all monomers, even

saturated hydrocarbons and organic compounds without a polymerizable structure such as a

double bond, can be polymerized with this technique. A second advantage is the ease of

application of the polymers as coatings versus conventional coating processes. While

coating a substrate with conventional polymers requires a number of steps, plasma

polymerization essentially accomplishes all these in a single step. This leads to a cleaner

synthesis and coating process, since no solvent is needed during the polymer preparation;

no cleaning of the resultant polymer is needed either.

In this process, the growth of low molecular weight molecules (monomers) into high

molecular weight molecules (polymers) occurs with the assistance of plasma energy, which

involves activated electrons, ions, and radicals [11]. In low-pressure plasma

polymerization, generally, the liquid precursor is vaporized in an evaporator pumped into

the vacuum chamber. The excited electrons created in the glow discharge ionize the

monomer molecules. The monomer molecules break apart (fractionate) to create free

electrons, ions, exited molecules, and radicals. The radicals adsorb, condense, and
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polymerize on the substrate, as shown in Figure 11.10. The electrons and ions crosslink, or

create a chemical bond, with already deposited molecules, creating a harder and denser

coating [62].

Figure 11.10: Plasma polymerization process.

The important advantages of depositing thin films via low pressure plasma

polymerization are [11,12,61]:

> The precursor used does not need to contain the type of fiinctional groups normally

associated with conventional polymerization.

> Deposition is achieved without the use of solvents (environmentally benign process).

> Such films are often highly coherent and adherent to a variety of substrates, including

glass and metal surfaces.

> Less time is needed for the processes involved, such as coating, curing, loading and/or

unloading, and part transfer.
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> The thickness of plasma polymerization films can be easily varied from lnm to several

mm's.

> Plasma polymerization films can be deposited directly onto an activated substrate

without breaking vacuum.

> The deposited film has good corrosion resistance.

> Through careful control of the plasma polymerization parameters, plasma

polymerization films can be tailored to contain specific functional groups.

Plasma polymerization is a specific type of plasma chemistry, and many factors can

affect the chemistry and morphology properties of the resulting polymer. The most

important plasma process parameters are deposition time, input power, monomer flow rate,

type of carrier gas, distance from the precursor injection point, and type of both precursor

and carrier gas. In the following section, the effect of these plasma process parameters on

the surface wettability, surface roughness and/or surface chemical composition is discussed.

II-4-1- Influence of precursor chemistry

The choice of monomer is of primary importance in order to create the

superhydrophobic coating. The most popular precursors, which are used for the fabrication

of hydrophobic coatings by plasma polymerization, are organosilicon precursors and

fluorocarbon precursors.

The plasma polymerized fluorocarbon precursor displays several advantages,

including low coefficient of friction, low surface tension, good thermal stability, good
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biocompatibility, and chemical resistance [12]. A vast number of publications have

investigated types of fluorocarbon precursors with different chain lengths, saturated and

unsaturated, linear and cyclic structures, all factor that can affect the water repellency of a

coating [63-74].

Organosilicon monomers have many advantages, such as stability at elevated

temperature, availability, liquid state, safe handling, and low cost. Due to this assets, many

studies have preferred the plasma polymerization of different organosilicon precursors in

order to create a hydrophobic coating [41,75-82].

Kale et al. [83,84] compared the effect of two monomers, Hexamethyldisiloxane

(HMDSO) and Tetraethylorthosilicate (TEOS), on the wettability of nylon 66 fabrics. They

showed that the contact angles of HMDSO plasma-treated fabrics are higher than those

treated with TEOS plasma. The higher contact angle values achieved in the case of

HMDSO monomer may be attributed to its higher organic nature when compared to TEOS.

The molecular structure of these monomers is presented in Figure 11.11.

a) b)

GH3 CH3 \ _ 0 Q-J

H3C--SHO-SHCH3 o'^O^
CH3 CH3 H3C CH3

Figure H. 11 : Chemical structure of (a) Hexamethyldisiloxane and b) Tetraethylorthosilicate.
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According to Ji et al. [41], the use of Toluene in atmospheric pressure plasma

polymerization HMDSO improves the hydrophobicity of a coating. They showed that the

contact angle of untreated glass, which is about 50°, was increased to 135° after depositing

the plasma polymerized HMDSO coating; with the plasma polymerized HMDSO/Toluene

thin film it showed a superhydrophobic surface (contact angle ~ 150°, Figure 11.12). The

bulky non-polar aromatic ring of Toluene could cause the superhydrophobic property. The

SEM and AFM analysis also showed that the granules created by HMDSO/toluene coating.

Futhermore, the surface roughness are broader than these of the HMDSO coatings and the

surface roughness of the HMDSO/Toluene film (116nm) is higher than that of HMDSO

coating (70nm) [41]

Glass-. * HMDSO HMDSO/Tohieiie
GA = 5 f CA= 135° CA= 150°

Figure 11.12: Image of CA of (from left to right) untreated glass, HMDSO plasma-treated glass, and
toluene/HMDSO plasma- treated glass [41].

A comparison of fluorocarbon precursor with different saturated and unsaturated,

linear and cyclic structures has been carried out by Zhang et al. [65]. They came to the

conclusion that in order to break the % band in cyclic unsaturated structure, lower bond

energy (2.74eV) than C-F (5.35eV) and C-C (3.61ev) is needed. The applied precursors are
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shown in Figure 11.13. Similarly, Mukhopadhyay et al, [63] also showed that the presence

of the aromatic ring led to an increase of the coating deposition rate and hydrophobicity.

a) b)

C-... \ FVF

° F F F F F F
F

Figure 11.13: Molecular structure of a) Acrylic acid (unsaturated), b) Perfluorohexane (linear
saturated) and c) Octafluorotoluene (cyclic unsaturated) [65].

The effect of the increase of the lengths of perfiuoroalkyl groups (CnF2n+i) on

increasing the contact angle has been observed by Hozumi et al. [66] and Takai et al. [67].

It has been shown that increasing the length of monomer led to an increase in the

concentration of fluorine groups and, consequently, resulted in a higher contact angle

(Figure 11.14) [66].
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Figure 11.14: R.F. Variation of contact angles for the different plasma precursors deposited a) FAS-
3, b) FAS-13, and c) FAS-17 [66].

II-4-2- Influence of input power on wettability

One of the most important plasma operating parameters is input plasma power. This

parameter allows control over precursor fragmentation in the plasma and the physic-

chemical properties of the deposited film, considering that low input power results in

decreased fragmentation of precursor as well as an increase in the linear structure of the

coating. Nevertheless, for high input power, the high fragmentation of precursor led to an

increase in both the cross-linked structure and the roughness of the coating. At the same

time, it led to a decrease in desired groups. Many studies showed the effect of plasma

polymerization power on the contact angle of the resulting coating [85,86].

Hegemann et al. [79] investigated plasma polymerized HMDSO films on

polycarbonate (PC) substrates in an effort to generate hydrophobic surfaces. Their results
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showed that a low plasma power input yielded the low fragmentation and high linearization

of the monomer. As a result, and due to an increase of methyl groups' content, a

hydrophobic coating was created. In addition, they showed that the content of methyl

groups was reduced through stronger fragmentation of the HMDSO molecules by

increasing the power input. The end result was improved mechanical stability.

Siliprandi et al. [85] showed the decrease of the degree of polymerization and

formation implies growth in itself (oligomer-like layer) at low input power. As well, the

smooth structure was deposited in ultra-low fragmentation conditions. As a result, the

contact angle increased when input power was reduced as shown in Table II.4.

Table 11.4: Contact angle measurements for the low pressure deposition process at different power

inputs [85].

Input power (W)
5
15
40

Advancing angle (°)
125
105
103

Receding angle (°)
79
80
79

Behnisch et al. [78] studied the contact angle of plasma polymerization of

Hexamethyldisilazane (HMDSN) and Hexamethyldisiloxane (HMDSO) on biodegradable

polymer foil surface in a radio frequency glow discharge. They mentioned that a high

contact angle is obtained at a low power value with high concentrations of monomer

(contact angle 97 ° ± 2 for HMDSN and 103 ° ± 4 for HMDSO).

According to the measurements carried out by Zanini et al. [75], a decrease in the
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ratio of Si-CH3 bonds to CHx bonds (low hydrophobic properties) is obtained by mounting

the plasma power of HMDSO coating in a low pressure radio frequency plasma reactor.

These results showed that by escalating the input plasma power from 20 W to 100 W, the

contact angle is decreased from 104° to 89°.

On the contrary, some studies demonstrated that the increasing the input power leads

to an increase in hydrophobic properties of plasma polymerized coating. Palaskar et al.

[86] reported the creation of superhydrophobic coating (contact angle ~ 150.1 °) at a high

input power of atmospheric plasma polymerized HMDSO coating. They showed that by

increasing the input power, the greater fragmentation of a monomer provides better chances

of polymerization. Moreover, the results of surface morphology by a Scanning electron

microscopy (SEM) analysis showed that by heightening the discharge power, the deposition

coating rate was faster.

II-4-3- Influence of deposition time on wettability

Several studies have shown that deposition time is an important parameter in

controlling the thickness of the coating as well as the deposition rate. However, increasing

the deposition time can increase the presence of hydrophobic functions [31,43,63,64,74-

Kale et al. [31] showed that by increasing the deposition time in the same plasma

conditions, the chemical nature of the deposited polymer is similar and consequently, the

variation of contact angle remains constant.
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Grimoldi et al. [77] investigated the chemical structure, morphological structure, and

hydrophobic characteristic of the plasma polymerization of HMDSO. Figure 11.15 shows

the results of surface morphology of different surfaces at different deposition times of a

HMDSO film by Atomic Force microscopy (AFM) analysis. It reveals that the surface

roughness (rms) of an untreated silicon wafer was around 0.118 nm, but at a low deposition

time, the surface roughness (rms) reached 0.22 nm. However, at a high deposition time,

surface roughness increased to 0.305 nm [77]. These results demonstrate that by increasing

deposition time up to 5 minutes, surface roughness is increased.

0 200 400 600 800 nm 0 200 400 600 $00 urn 0 200 400 600 800 .nm

Figure 11.15: AFM Images of a) untreated silicon wafer, b) PP-HMDSO coating deposited at 30 sec
deposition and c) PP-HMDSO film at 5 min deposition [77].

Moreover, these results also show that water repellency was improved when

deposition time was increased and after that, it reached saturation values (Figure 11.16) [77].
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11.16: Advancing and receding contact angle of PP-HMDSO film at different deposition
times on a) wafer silicon b) polyethylene [77].

Prat et al. [64] studied the effect of treatment time of atmospheric pressure plasma

polymerization of Hexafluoropropylene (HFP) and Tetrafluoroethylene (TFE) on

wettability of a commercial poly(vinyl chloride) surface. Their results showed that the

contact angles increased significantly in the first 3 minutes of plasma treatment. As

treatment continued, the thickness of the layer increased but the degree of hydrophobicity

of the surface was unchanged, as shown in Figure 11.17.

Zanini et al. [75,76] studied the effect of deposition time on the contact angle of

Hexamethyldisiloxane (HMDSO) coating in a low pressure plasma reactor with capacitive-

coupled radio frequency (RF) (13.56 MHz). They found that increasing deposition time

increases the ratio of Si-O-Si bonds to Si-CH3 bonds; however the carbon content

decreases. Their results indicated that hydrophobicity was reduced by increasing deposition

time.
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Figure 11.17: Contact angle of PP-Hexafluoropropylene coating on poly(vinyl chloride) tube as a

fonction of deposition time [64].

II-4-4- Influence of monomer flow on wettability

The monomer flow rate is another parameter that can affect the wettability of a

coating. By increasing the monomer flow rate, the concentration of methyl groups can also

increase. However, it may lead to coating delaminate [31,89].

Kale et al. [31] observed the effect of monomer flow on wettability of atmospheric

pressure plasma polymerized Hexamethyldisiloxane coating on cotton fabrics. They found

that by increasing the monomer concentration, the surface energy changed smoothly.

According to the results of Morent et al. [89], the contact angle of atmospheric

pressure plasma polymerized Hexamethyldisiloxane increased from 99° to 108° by

accelerating the concentration monomer flow from 1.3 to 3 ppm. They showed that by

further increasing the concentration of monomer flow to 4 ppm, the contact angle remained
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constant. Figure 11.18 depicts that the FT-IR peaked due to Si-C and CH3 vibrations (1260,

2960 cm"1 as methyl group functions) are considerably increased by augmenting the

monomer flow.
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Figure 11.18: FT-IR spectra of PP-HMDSO films deposited with different monomer concentrations
(discharge power 9.5 W, film thickness 700 nm) [89].

II-4-5- Influence of distance from monomer inlet on wettability

The substrate position related to the plasma discharge and monomer inlet can affect

the hydrophobicity of plasma-polymerized films. Inside the glow discharges, all radicals

contribute through the activation growth mechanism triggered by positive ion

bombardment, leading to high deposition rates. Instead, after glow discharge, ions soon

disappear and the radical distribution also changes to favorite groups which have a longer

half-life [73,90].
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Intranuovo et al. [73] studied the plasma polymerization of Hexafluoropropylene

oxide (C3F6O, HFPO) in glow and in afterglow discharge in a radio jfrequency (RF) reactor.

Based on Figure 11.19, the SEM image of coatings deposited at a distance near the gas inlet

are flat; however, by increasing the distance, the surface morphology is changed so that it

resembles "stone roses". The effect of distance on the hydrophobicity of their coatings is

shown in Figure 11.20. These results demonstrated that the increase in the distance between

substrate and inlet gas leads to an increase in the hydrophobicity of a surface.

Figure 11.19: SEM images of the coatings at a) 1, b) 35 c) 5, d) 8, e) 11, and f) 18 cm from the gas
inlet [73].

36



170-r

10 12 14 16 18 20

distance f cm]

Figure 11.20: Static, advancing, and receding contact angle vs. axial position of samples from the
gas inlet [73].

Butoi et al. [91] studied the effect of distance from a RF coil on the structure of a

plasma polymerized Hexafluoropropylene oxide film. Their results showed that at a short

distance, a cross-linked and amorphous film was obtained, while at a greater distance a

linear and higher degree of order film was obtained. Yajima et al. [90] also showed that the

greater the distance from the copper coil leads to an increase of hydrophobicity.

II-4-6- Influence of pre-treatment and different carrier gas

The surface pre-treatment is often necessary for surface activation prior to coating,

and it also can clean the surface contamination. Different types of carrier gases can be used

in plasma to create a chemical surface functionalization, etching, and plasma

polymerization. Each of these predominant reactions depends on the gas feed, the operation

parameters, and the chemical nature of the substrate. Likewise, it can improve the adhesion

between the surface and deposited films. The effect of pre-treatment and the type of carrier
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gas on the plasma polymer film properties, especially hydrophobicity, has been investigated

by several groups [66,67,71,72,79,81,82,92,93].

Different plasma pre-treatments on polycarbonate surfaces have been carried out by

Hegemann et al. to enhance the adhesion of the surface coating [79]. Figure 11.21 illustrates

AFM topography of the surface pretreated by different carrier gases such as Ar, O2, N2 or

He, prior to the HMDSO deposition on the polymer substrate. The pretreatment by O2 and

Ar produced a higher surface roughness (Rms = 29 nm and 26 nm, respectively) than other

gases. However, the untreated surface roughness decreased after pretreatment. These results

indicate that the pretreatment of O2 and Ar increases the probability of removing the

outermost of the surface.

a)

Figure 11.21 : AFM topography of different pre-treatments (a) O2 plasma treatment, (b) Ar plasma
treatment, (c) N2 plasma treatment, and (d) He plasma treatment [79]
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Several authors studied the effect of oxygen plasma to clean and/or etch the surface in

order to create a hydrophilic surface [66,67,82,92,94]. Hirotsu et al. [82] fabricated a

hydrophobic coating on poly (L-lactic acid)/poly (butylène succinate) by the following

process: (1) plasma etching with O2, followed by (2) plasma polymerization

Hexamethyldisiloxane (HMDSO) and/or Hexamethyldisilazane (HMDSN) coating. The

contact angle of the untreated surface was around 75 ° (Figure 11.22 A). The contact angle of

PP-HMDSO on the surface without any pre-treatment was about 106°-108° (Figure II.22C).

Only by plasma etching with O2, the contact angle decreased to 48° and the surface had a

hydrophilic characteristic (see Figure II.22B). However, the PP-HMDSO coating deposited

on the etched surface became more hydrophobic, and the contact angle increased to 134°

(Figure II.22D).

(A) (B)

Figure 11.22: Contact angle of (A) untreated Poly(L-lactic acid)/poly(butylène succinate) surface,
(B) the O2 plasma etched surface, (C) the HMDSO plasma polymer coated surface, (D) PP-

HMDSO film deposited on O2 plasma etched surface [82].

39



The effect of the type of carrier gas on surface morphology, chemical composition,

and hydrophobicity of plasma polymerization of Allylpentafluorobenzene (APFB) coating

has been studied by Zhang et al [72]. The results indicated that the influence of Argon in

intensive defluorination of the coating gave rise to the highest F/C = 0.53 (at power 5W),

while oxygen gave rise to the lowest value F/C = 0.41 (at power 5W). The roughness of the

PP-APFB coating without any carrier gases was reported around 1.5 nm. According to

Figure 11.23, the surface roughness of PP-APFB coating with Ar as a carrier gas increased

to 3.5nm while for the other carrier gases (He, N2, O2) a smoother surface was observed.

Additionally, the hydrophobic properties of the coating increased according to the

following order of the gases used: O2 < N2 < H2 < Ar.

RF = 5 W

X ^ X : I iim/div
». « 35 nm Z: 100 nm/div

R* » 1*2 nm
X: 1 [im/div
Z: 50 nm/div

X

X:lum/dh
Z; 20 nm/div

Figure 11.23: AFM images of the plasma polymerized APFB coating at RF power of 100 W with the
carrier gas of a) Ar, b) He, c) N2, and d) O2 [72].

40



IL5-Stabûity

The preparation of a stable coating is a critical topic for many industrial applications.

A number of research groups studied the stability of hydrophobic and superhydrophobic

coatings under different conditions, such as UV exposure [76,95-99] and immersion in

various pH solutions [95,97,100-102], distilled water [103-105], as well as corrosive

solution [100,101,106].

II-5-1-UV degradation

Sunlight is a major cause of damage to a number of materials, including plastics,

textiles, coatings, and other organic materials. The type of damage, such as loss of physical

properties, chalking, cracking, peeling, fading, and color change varies depending on the

material sensitivity and the spectrum of sunlight [76,95�99]. The electromagnetic energy

from sunlight is normally divided into ultraviolet, visible light and infrared energy.

Ultraviolet (UV) light has been recognized as the main cause of damage. In order to

simulate the outdoor sunlight, Zanini et al. [76] studied the effect of PP-HMDSO coating in

a solar-box. This equipment is a solar simulated environment equipped with a UV radiation

1500W Xenon lamp, where four periods of 672 hours exposure under different conditions

of temperature and relative humidity were carried out. Their result showed that the contact

angle of the treated sample under simulated aging decreased from 122° to 55°. The

decreased hydrophobic characteristics observed for the treated sample could be derived

from chemical and/or physical surface modification due to the temperature and humidity
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conditions during the aging process.

Isimjan et al. [97] studied the effect of an extra-layer of Si(>2 nano-particles on steel

coated by three layer of TiÛ2 (TiO2*3) nano-particles under UV exposure (mercury lamp,

315^00 nm, 100 mW/cm2). Figure 11.24 shown that the contact angle of a TiO2*3 surface

before UV exposure is around 175°, but after 275 minutes of UV exposure, the contact

angle decreases to around 0°. By using one to three layers of SiÛ2 nano-particles on the

TiO2*3 surface, the contact angle decreases from 155° to 140°. Moreover, all of the SiC^

nano-particle coated surfaces maintain their superhydrophobicity after 275 minutes of UV

exposure.
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Figure 11.24: Contact angles of three different layers of SiO2 on top of a superhydrophobic TiO2

coated sample after a certain period of UV exposure [97].
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II-5-2- Effect of different pH

In order to simulate the influence of rainwater on a superhydrophobic coating, the

surfaces are immersed in various pH solutions [95,97,100-105]. Momen et al. [95] studied

the stability of the surfaces spray-coated with silicone rubber/ZnO/SiC>2 composites after

immersion in different pHs (4, 6, 7 and 10) in order to simulate rainwater conditions. Their

results showed that the contact angle of this coating before immersion in the solution is

162°, with a contact angle hysteresis around 7.2°. After 240 hours of immersion in different

pH solutions, as shown in Figure 11.25, the contact angle slightly decreased (around 145°).

The researchers concluded that the surfaces keep their superhydrophobic properties after

immersion in pH solutions, except for the sample immersed in tap water, due to ionic

contamination.
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Figure 11.25: Contact angle values as a fonction of time immersion in various pHs [95].

Touzin et al. [105] showed the reduction of hydrophobic properties of plasma-
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polymerized fluorocarbon coatings on stainless steel (from 105° to 58°) after four weeks of

immersion in distilled water. The XPS results, as shown in Figure II.26, indicated that the

reduction of fluorine concentration after four weeks of immersion in water led to a decrease

of the contact angle.
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Figure 11.26: X-ray photoelectron spectroscopy F/C ratio of plasma-polymerized fluorocarbon
coatings deposited on stainless steel as a function of immersion time in distilled water [105].

Furthermore, the topography of these surfaces was analyzed by AFM analysis before

and after each week. The results show (Figure 11.27) that the roughness of the surface

before immersion in water was around 0.8 nm. After one week of immersion, the roughness

increased to 2.5 nm and the presence of protrusions on the surface was observed. The

roughness started to decrease from 0.9 to 0.6 after four weeks. Smooth and homogeneous

surfaces were revealed after four weeks of aging. The mechanism explaining the

protrusions could be as follows: water progressively infiltrates the polymeric coating at

localized small defects, thus creating the protrusions (which could be bubbles, week 1).
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Eventually the water therein dissolves as the coating becomes more hydrophilic: the

protrusions smear (week 2) and finally disappear after 3 weeks.

Figure 11.27: Atomic force microscopy images 2x2 jim of plasma-polymerized thin coating after:
(a) 0 week, (b) 1 week, (c) 2 weeks, (d) 3 weeks and (e) 4 weeks of ageing in D.I. water [105].

II-5-3- Corrosion resistance

Aluminum and its alloy are also widely used in aerospace, marine applications,

automotive applications, and so on for their low density, favorable mechanical properties,

and resistance to corrosion. Aluminum and its alloys have a natural corrosion protection

from the oxide layer, but if exposed to certain substances such as salt, acid, corrosive gases

(SO2X etc., it may corrode. Corrosion in aluminum structure is significant and becomes

costly. For example, in 2013, the cost of corrosion related to the aircraft industry in North

America will be around 13 billion dollars [107]. Nowadays, the protective corrosion of
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metal special aluminum is an important topic in research. Several studies showed that

superhydrophobic coatings lead to an increase in the corrosion resistance of surfaces

[100,101,106,108].

Yin et al. [106] showed that anodized aluminum could inhibit the corrosion of an

aluminum surface up to 61%, while this resistance increased to 96% by depositing a

superhydrophobic coating on the surface. As shown in Figure 11.28, the corrosion potential

of an untreated surface is around -650 mV. By anodizing the surface, this value increases to

-620 mV. The corrosion potential of a superhydrophobic coating leads to a positive shift of

-400 mV. Furthermore, their results show that a superhydrophobic coating can lead to at

most a 300% reduction in the corrosion current density of an aluminum surface compared

to an untreated aluminum surface.

-1.8 A À A 2 AM «0,8 *Q.6 -0.4 -0.2 0,0

Figure 11.28: Potentiodynamic polarization curves of untreated, anodized and super hydrophobic
samples for 24 h in sterile seawater at 2mV/s [106].
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Ishizaki et al. [100] also showed that the corrosion current density of a

superhydrophobic surface was decreased by more than one order of magnitude as compared

to that of the uncoated one. These results indicate that the superhydrophobic film has good

corrosion resistance.

ÏI-6-Conclusion

We presented a review of the principles on wettability and superhydrophobicity.

Literature reviews of new research on icephobic properties of superhydrophobic and

hydrophobic coating were presented. The definition of plasma, surface modification by

plasma treatment and its advantages were summarized. The effect of plasma processing

parameters on the physical-chemical characteristic of a thin film was discussed. From this

review, the following can be concluded:

- The input plasma power is one of the key parameters for controlling the fragmentation of

precursor in order to deposit the special function on a surface;

- The distance from the monomer inlet or glow discharge with the substrate had a

significant effect on the morphology and wettability of a surface;

- Deposition time was considered an effective parameter that controls the thickness of a

coating;

- Monomer flow rate can also control the hydrophobicity while it increases the monomer

concentration.
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Finally, a brief study was done on the stability of superhydrophobic coatings under

accelerated aging conditions such as UV degradation, immersion in different pH solutions

to simulate rainwater conditions and exposure to an environment.
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EXPERIMENTAL APPROACH



CHAPTER III

EXPERIMENTAL APPROACH

Introduction

In order to achieve our objective, i.e. the creation of a superhydrophobic surface with

icephobic properties, the following steps were taken: 1) anodization of an aluminum

surface or immersion in boiling water to obtain a micro/nanostructure, and 2) deposition of

a HMDSO-based coating using low pressure plasma polymerization. The Grey-based

Taguchi method was used to optimize plasma process parameters in order to obtain a

maximum contact angle and a minimum contact angle hysteresis. This chapter deals with

the most important techniques that have been used in this work to create surface roughness,

low surface energy materials deposition, design of experiment, and physico-chemical

characterization of the thin films. To investigate the icephobicity of these coatings, the

wind tunnel and centrifugal instrument were introduced. The accelerated UV tester and
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different pH solutions were employed in order to understand the durability of the coatings.

The corrosion resistance of coating is evaluated using Biologic SP-300 under control of

EC-Lab® software.

ÏII-1- Thin film deposition process

The aluminum alloy 6061 coupons (5 cm x 3 cm x 0.15 cm) obtained firom Rio Tinto

Alcan (Mg 1.0, Si 0.6, Cu 0.28, Cr 0.05, Zn 0.15 Fe 0.25 and Mn 0.15, all in wt %), one of

the most common aluminum alloys for aircraft and aerospace components, transport and

electrical fittings and connectors, was used as a substrate [109]. Each of these surfaces was

cleaned with acetone and distilled water, each for 5 minutes in ultrasonic bath water.

III-l-l- Preparation of micro/nanostructure roughness

As mentioned before, surface roughness and low surface energy material are the

dominant factors for superhydrophobicity. Here, anodization methods and immersion in

boiling water are used to create the micro/nanostructure roughness on the surface.

III-1-l-l-Anodization method

Anodization is a common electrochemical technology that is used to create an

artificial porous oxide layer [110]. This layer is also known as aluminum oxide (AI2O3) or

Alumina. This layer has several important properties, such as the ability to improve

corrosion resistance, abrasion resistance, paint adhesion, and adhesive bonding
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characteristics [111]. In an anodizing process, the aluminum workpiece is an anode

(positive electrode) and any electronic conductor is a cathode (negative electrode). When

the circuit is closed, electrons are withdrawn from the metal at the positive terminal,

allowing ions at the metal surface to react with water to form an oxide layer on the metal.

The electrons return to the bath at the cathode where they react with hydrogen ions to make

hydrogen gas. The following reactions take place during anodization:

At the anode electrode:

(III.l)

2A13+ + 3O~ -> A12O3

2A13+ + 3OH" -» AI2O3 (III.3)

S At the cathode electrode:

2H+ + 2e"-»H2

S The overall process is as follows:

2A1 + 3H2O-> AI2O3 + 3H2 (III.5)

The anodization process was carried out on the coupons of aluminum in the

laboratory as described in Figure III.l. The aluminum to be anodized (d) is immersed in

phosphoric acid (10%wt, certified grade from LabMat Company) (e) as an electrolyte at a
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fixed temperature of 18°C [24]. The temperature was kept constant by the water circulation

system (b). In fact, cracks and bursts of the oxide film are generated if porous alumina is

formed without temperature control. The process parameters, such as voltage and time,

were changed in order to study the variation in wettability. In this study, the voltage was

changed from 30 to 70 V for 30 to 90 minutes.

Figure III. 1. The anodization set-up, a) Mechanical stirrer, b) Cooling system, c) Connection to
power supply, d) Electrodes, and e) Bath.

III-1-1-2- Immersion in boiling water

The aluminum alloy 6061 surface was treated in boiling water. Three reactions can

occur within this of temperature. Up to 70°C, aluminum hydroxide (Bayerite- (A1(OH)3))

can be obtained; between 70°C to 350°C, aluminum hydroxide boehmite (AIO(OH)); and

above 350°C, aluminum oxide AI2O3 [112,113]. In addition to developing the nano-
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structure roughness [114], this process also improves the corrosion resistance of an

aluminum alloy surface [112,113,115]. In this study, the aluminum coupons were immersed

in boiling water for different immersion times, from 3 to 60 minutes (see Figure III.2).

Boiling water

Aluminum
alloy 6061

Figure III.2: Schematic of the immersion of aluminum alloy in boiling water.

III-1-2- Plasma polymerization process

Hexamethyldisiloxane [HMDSO, whose chemical formula is (CH3)3-Si-O-Si-(CH3)3],

was used as an organosilicon precursor with 98% purity from Aldrich. The physical

characteristics of this monomer are shown in Table III. 1.

Table III. 1 : Physical characteristic of Hexamethyldisiloxane [116].

Molecular weight
Density

Boiling point
Melting point
Flash point

162.38 g/mol
0.764 g/ml at 20 °C

101 °C
-59 °C
0°C
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The RF plasma polymerization process was carried out in an inductively coupled

radio frequency (13.56 MHz) system (HICP-600SB PECVD; Plasmionique Inc) (Figures

III.3a-b). After the plasma chamber was evacuated at a pressure of 2xlO~6 torr? argon gas

was introduced. Prior to plasma polymerization of HMDSO (PP-HMDSO), the aluminum

alloy surfaces were pre-cleaned and pre-activated for five minutes inside of the plasma

reactor. The plasma power in the cleaning stage was 100 W? argon flow rate was set to 50

sccm5 and the pressure was 2.66 Pa. This process results in further cleaning and removal of

organic contaminations from the surface and increases the adhesion between the coating

and the surfaces [117].

Figure III.3: a) Inductively coupled plasma reactor (CIGELE), b) Schematic of plasma reactor.

After plasma pre-treatment, plasma polymerization was carried out. The HMDSO

was mixed with argon as a carrier gas and was subsequently heated at 125 °C in the

Controlled Evaporator Mixer (CEM). The inlet flow rate of the carrier gas to the system

and the monomer in liquid phase were controlled by a mass flow controller (MFC) and an
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EL-Flow (digital mass flow meter and controller), respectively.

In this study, four controlling plasma polymerization parameters were varied: input

power from 60 to 120 W, distances between substrate and monomer inlet from 8 to 17 cm,

deposition time from 5 to 25 min, and monomer liquid flow rate from 10 to 20 g/hr. The

pressure of the reactor and the flow rate of argon gas were fixed at 8 Pa and 20 seem. Note

that the substrate temperature was set at room temperature for all of the experiments.

ÏÏÏ-2- Design of Experiment (DOE) technique

The design of experiment (DOE) was used to optimize the effect of the factors in

order to make the fewest possible experiments. The Taguchi method is a generally accepted

methodology for contemporary experiment design. It utilizes a well-balanced experimental

design (allowing a limited number of experimental runs) named orthogonal array design

and signal-to-noise ratio (S/N ratio), which serve the objective function to be, maximized

within the experimental domain. Taguchi uses logarithmic functions to determine the

signal-to-noise ratios that optimize the response. In this method, signal-to-noise ratio (S/N)

is used to represent a response or quality characteristic based on the largest required S/N

and minimal noise factors. The S/N ratio for each response is computed by the following

three formulas [117,118]:

� For the nominal best response

I =-W log (±ï?=1yf) (III.6)
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� For the larger-the-better response

£=-10 to* ( ± 5 ^ ) (III.7)

� For the smaller-the-better response

£ = -10 log Q Ef=1 yf ) (III.8)

Where

- S is the standard deviation,

- y 1 is the measured property,

- n is the number of samples in each test trial.

The following method is used for the optimization of a single performance

characteristic. However, the Grey relational analysis can be applied to optimize the multiple

performance characteristics. The experimental results are firstly normalized between zero

and one by this method [119]. The optimal parametric combination is obtained at the

highest Grey relational grade value. The optimal factor setting for maximizing the overall

Grey relational grade can be performed by the Taguchi method [120]. The Grey relational

coefficient fy for the il performance characteristic in the j * experiment can be expressed

as:

- . , _ , - . 1 - 0 ...... *-.� i T j ^ ( n L 9 )
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Where

- xf is the ideal normalized response for the ith performance characteristic (x° = 1);

inj |xf � xy | is the smallest value of x^;

|xf � xy | is the largest value of Xy ;

- ^ is the distinguishing coefficient defined in the range 0 < ^ < 1.

The overall Grey relational grade is determined by averaging the Grey relational

coefficients corresponding to the selected responses [119].

Where,

- Yj is the grey relational grade for the jth experiment;

- m is the number of performance characteristics.

In this study, each experiment was repeated three times. The error bars correspond to

standard deviation of the mean value of responses.

III-3- Analytical methods

Several physical and chemical characterization techniques were used in this research
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work, such as water repellency, surface morphology, surface chemical composition,

durability of coating under UV exposure, ice-releasing, immersion in various pH and

corrosion.

III-3-1- Wettability

Wettability is a very important parameter of a solid surface. The

hydrophobicity/hydrophilicity of a solid surface is usually expressed in terms of wettability,

which can be quantified by contact angle measurements. The contact angle is the result of

interface/surface tensions (surface free energies) between a liquid and solid surrounded by

vapor. The two kinds of contact angle are static contact angle and dynamic contact angle.

Measurements of contact angles and sliding angles were carried out by using a Kruss DSA

100 goniometer and a Groz instrument, respectively (see Figures III.4a-b).

Figure III.4: a) Contact angle measurement (Kruss DSA 100 goniometer), b) Sliding angle (Groz
instrument).
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IIÏ-3-l-l-Static contact angle measurement

Static contact angles are acquired by fitting the symmetric water drops using the

Laplace-Young method, which is theoretically considered the most accurate, because it

takes into account distorted drop shapes due to liquid weight [25]. The needle disperses the

distillated water drop on the surface, and this image is recorded by a video camera. In this

study, the distilled water drop volume of 4 pi is used for an average of at least five contact

angle values measured over an extended area of the surface.

ÏII-3-1-2- Dynamic contact angle measurement

The dynamic contact angle is defined as a contact angle related to moving liquid

fronts [32]. In this study, the contact angle hysteresis and sliding angle were measured as

dynamic contact angles.

III-3-l-2-l-Contact angle hysteresis

In the present study, two methods are used to measure the contact angle hysteresis. In

the first method, a 4\û water drop is deposited on the surface. The volume of the drop is

dynamically increased to 7(il at a rate of 6 pl/min. The advancing angle refers to the

maximum angle associated with added volume (see Figure III.5a). Likewise, by

withdrawing the liquid drop volume from 7JLL1 to 4 pi, the smallest possible angle upon

removing volume is defined as a receding angle (see Figure III.5b). Contact angle

hysteresis is defined as the difference between the advancing and the receding contact
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angles [121].
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Figure IIL5: Schematic diagram showing the a) advancing contact angle and b) receding contact
angle in the first method.

In the second method, the advancing and receding contact angles were measured by

holding the 4 [il water drop with a stationary needle in contact with the surface. The

substrate was moved slowly in one direction by using a micrometric screw. The contact

angle at the front of the drop is the advancing angle, and the receding angle occurs at the

back of the drop (see Figure III.6). The difference between the advancing and the receding

angle is called contact angle hysteresis [122].
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Figure III.6: Schematic of the advancing and the receding contact angles in the second method.

III-3-l-2-2-Sliding angle (SA)

Sliding angle or roll-off angle is another dynamic contact angle obtained by

measuring the angle of the sample surface and the horizontal plane at which the liquid drop

starts to slide off the surface due to gravity [123,124]. In this study, the Groz instrument has

been used to measure the sliding angle. The slope of the surface from the horizontal plate

was increased until the water droplet started to incline downward on the surface.

III-3-2- Surface morphology

The surface morphology of coatings was imaged with a Scanning Electron

Microscope (SEM, JEOL JSM 6480 LV), an LEO field emission scanning electron

microscope (FESEM) and an Atomic Force Microscope (AFM) (Digital Nanoscope Ilia by

digital instruments).
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IÏÏ-3-2-l-Atomic force microscopy (AFM)

Atomic force microscopy (AFM) was used to study the surface morphology. The

samples were analyzed with a Digital Nanoscope Ilia (see Figures III.7). AFM images were

taken in tapping mode at a temperature of 22 °C with an oscillating silicon nitride probe.

This technique provided us with three-dimensional images of the surface topography.

Furthermore, AFM presented us with detailed topographical information such as root mean

square surface roughness (rms), surface skewness (which describes the symmetry and the

asymmetry of the coating roughness), and surface kurtosis (which indicates a spiky or

bumpy surface). In this study, AFM images were reported for different scales from lxl

(jim2) to 10x10 (|im2) with a scan rate ranging from 0.5 to 1 Hz.

Figure III.7: AFM (Digital Nanoscope Ilia by Digital) instrument at CIGELE

III-3-2-2- Scanning electron microscopy (SEM)

The scanning electron microscope (SEM, JEOL JSM 6480 LV) and an LEO field
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emission scanning electron microscope (FESEM) were used in this work to study the

surface morphology of the plasma treated substrate (see Figure III.8).

Figure III.8: SEM instrument in Cural.

III-3-3- Surface chemical composition

Fourier-Transform Infrared spectrometry (FT-IR) and X-ray Photoelectron

Spectroscopy (XPS) are the techniques used to obtain chemical characterization.

ÏÏÏ-3-3-1- Fourier transform infrared spectroscopy (FT-IR)

FT-IR technique is the most popular technique for characterizing the chemical

composition of a coating. During an analysis by FT-IR, a sample is subjected to

electromagnetic radiation in the infrared region of the spectrum. The wavelengths absorbed

by the sample depend upon the nature of the chemical groups present.

In this study, the chemical structure of the deposited films was studied in detail by
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using Fourier transform infrared spectroscopy (Perkin-Elmer, Spectrum One) (see Figure

III.9). The reflected beam was collected for 24 scans at a resolution of 4 cm"1 and in the

range of 400-4000 cm"1.

Figure III.9: Fourier transform infrared spectroscopy (Perkin-Elmer, Spectrum One) instrument of
UQAC.

III-3-3-2- X-ray photoelectron spectroscopy (XPS)

The surface chemical structure was also examined by X-ray photoelectron

spectroscopy (XPS) with a VG ESCALAB 3 Mk II surface analytical instrument (see

Figure III. 10). The Mg K achromatic X-ray source was operated at 216 W (12 kV5 18 mA).

The inelastic background was subtracted using Shirley's method. The analyzed surface area

was 2 x 3 mm2 with a depth of 6-10 nm.
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Figure III. 10: XPS VG ESCALAB 3 Mk II instruments, Ecole polytechnique.

IIÏ-3-4- Coating thickness measurement (Ellipsometry)

The thickness was measured by RC2 ellipsometry from J.A. Woollam Co. This is a

dual ellipsometry compensator equipped with QTH/D2 lamps and a CCD detector. The

angles of incidence were 45, 55, 65, 75 degrees and the wavelength range was 190 to 1000

nm.

III-3-5- lee adhesion test

The icephobic properties of the developed surfaces were studied by ice accumulation

in the icing wind tunnel and ice detachment in a centrifugal instrument.

III-3-5-l-Icing wind tunnel

The atmospheric ice (glaze) was accumulated by spraying super-cooled micro-

droplets of water on the substrates that were placed in the wind tunnel (Figure III. 1 la) and

mounted on the end of a supporting beam (see Figure III.lib). The parameters for wind
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tunnel tests have been summarized in Table III.2 [125].

Table III.2: Conditions of accumulated ice in the wind tunnel.

Air pressure
Water pressure
Temperature

Velocity
Droplet size

100±0.1kPa
325±0.1kPa
-10±0.8°C

10±0.1m/sec
67 jim

Figure III. l i r a ) Schematic of the wind tunnel test at CIGELE and b) A view of sample beams in

the tunnel
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IIÏ-3-5-2- Centrifugal instrument

After ice accumulation, samples underwent an ice adhesion strength test at a

temperature of -10 °C by a centrifuge instrument (see Figure III. 12) in order to compare the

treated and untreated aluminum samples. Ice covered surface were placed on the beams

within a centrifugal instrument. The beams were rotated by increasing speed from 0 to 5500

rpm. By noting the rotation speed at the ice detachment, the ice adhesion force was

calculated.

Figure III. 12: Homemade centrifuge instrument at CIGELE.

The ice adhesion force is calculated from:

= mrcQ2 (III.ll)

Where

m is the ice mass (kg),

r is the beam radius (m),
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- CD is the rotation speed (rad/s).

The shear stress (kPa) is then calculated as:

x = F/A (111.12)

Where

- A is the iced surface area (m2),

- F is ice adhesion strength (N).

The adhesion reduction factors (ARF) were computed to reduce the bias caused by

potential experimental errors. ARF is the ratio of ice shear stresses of untreated aluminum

to treated aluminum.

Alv r � T(aiuminum without coating/^aluminum with coating) (111. 13)

It was mentioned that the Centrifuge adhesion test has many advantages. The process

is simple and it is performed inexpensively, and timely; it is repeatable with standard

deviation 25%. The centrifuge adhesion test is also more representative of accreted

atmospheric ice and has a real time data collection. Finally, it can be adapted to the flat

surface for exposure to environmental elements and repeat testing [126].

III-3-6- QUV accelerated weathering Tester

Sunlight is an important factor in the damage of material surfaces. Ultraviolet (UV)
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light has been recognized as the cause of most of this damage. For this reason, the

accelerated UV weathering test is used to simulate damaging outdoor conditions in a

controlled laboratory environment (see Figure III. 13). The substrate with polymeric coating

was exposed to a UVA-340 fluorescent lamp. The test cycle was 8-hours with 0.89W/m2

irradiance and a temperature of 60°C in the QUV accelerated weathering tester (ASTM

G154).

Figure III. 13: QUV accelerated weathering instrument.

The annual mean of UV radiant exposure (295-385 nm) in a site north of Ottawa in

Canada was estimated at 172 MJ/m2 for one year, based on several years of data gathering

[127]. Also, the irradiance from a narrow wavelength band (340nm) to a wider wavelength

range (295-385nm) can be converted as follows:

10 kJ/m2 (at 340 nm) = 1 MJ/m2 (at 295-385 nm) (111.14)
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Therefore, the required number of hours of UV exposure in the mentioned apparatus

equal to one year of natural exposure can be calculated as follows [128]:

1720000 J/m2 (at 340nm) = 0.89 W/m2 (at 340nm) x Time (sec) (III. 15)

Time (sec) « 1933200 sec ~ 537 hr (ÏIL16)

Then, 537 hours of exposure to the artificial UV instrument is equal to one year of

sunlight exposure.

III-3-7- Electrochemical test (Corrosion)

Metal corrosion is an electrochemical reaction that involves oxidation of the anode

into a positive ion, which is released from the solid metal. Potentiodynamic polarization is

one of the electrochemical techniques for studying the corrosion behaviors of corrosion

potential, corrosion current, and resistance polarization.

A plot of log (Icon) versus Ecom known as a Tafel plot, has been used to determine

corrosion parameters (see Figure III. 14). The slopes of this diagram are determined as the

cathodic slope (Pc) and the anodic slope (pa). The cathodic slope contains information

concerning the kinetics of the reduction reaction occurring for a particular system. The

particular features of the anodic slope depend strongly on the metal electrolyte system.
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Figure III. 14: Tafel plot for anodic and catholic slopes [129].

Polarization resistance is defined as the slope of the potential-current density (DE/Di)

curve at the free corrosion potential, yielding the polarization resistance (Rp) that can be

related (for reactions under activation control) to the corrosion current by the Stern-Geary

equation [129]:

RP = ( PaPc
p (2.3icorr)

Where

- Rp: Polarization resistance (Q)

- Icon-* Current density (A)

- pc: The cathodic Tafel slope

- pa: The anodic Tafel slope

(III. 17)
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Electrochemical experiments were conducted by using a Biologic SP-300 under

control of EC-Lab software (see Figures IIL15a-b). A set of three electrodes were used for

the electrochemical measurements, in which the working electrode was the sample, the

reference was a saturated calomel electrode (SCE), and the auxiliary was a platinum

electrode. The electrolyte solution, 3.5 wt. % NaCl, was prepared by dissolving 35g of

NaCl in a 1L glass flask [ASTM 47].

Figure III. 15: Electrochemical set-up at CIGELE a) software and b) instrument

Prior to each experiment, samples were immersed in the electrolyte solution for 24

hours. The open circuit potential (OCP) was used to record the potential for 15 minutes.

Potentiodynamic polarization experiments were carried out at the scan rate of 10 mV/s

from -250 to +250 (mV) through an open circuit potential. The corrosion data of three

surfaces, which are untreated aluminum, anodized aluminum, and plasma polymerized

HMDSO coating on an anodized aluminum, were determined by the Tafel plot and a

resistance polarization curve.
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CHAPTER IV

PLASMA POLYMERIZED HMDSO COATING

Introduction

Plasma polymerization is a suitable technique for depositing a thin film with

widespread applications in the domains of biomedicine [130], biofouling [131], anti-

corrosion [132] and anti-icing [133]. In this part of the study, a superhydrophobic coating is

developed by using the plasma polymerization method. Two different methods, anodization

and boehmite, are used to create the roughness of the surface on Al substrate. The effect of

anodization parameters such as voltage and time, and the influence of immersion time in

boiling water are studied over the superhydrophobic behaviour (high contact angle and low

contact angle hysteresis). PP-HMDSO coating is deposited in a plasma reactor as described

previously. In order to study the effect of plasma processing parameters simultaneously, the

Grey-based Taguchi method is used (as a DOE technique). These parameters have been
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optimized to achieve the highest possible contact angle and the lowest possible contact

angle hysteresis.

IV-1- Creation of surface roughness

As mentioned before, anodization and boehmite methods were used to create surface

roughness at a micro/nano-metric scale on the surface of aluminum alloys 6061. The

presence of a rough micro-nanostructure on the aluminum surfaces is investigated by

applying SEM and AFM analyses. In addition, the effects of various parameters of these

two surface treatment methods on the wettability of the PP-HMDSO coating are studied by

measuring the static and dynamic contact angles.

IV-1-1- Anodization process

In order to optimize the anodization parameters, the voltage is varied from 30 V to 70

V for the duration of 30 to 90 minutes, while the temperature during the anodization of

aluminum alloy is kept constant at 18°C. In other words, each parameter has been varied

individually.

The effect of anodization time on the contact angle of the PP-HMDSO coating

deposited on an anodized aluminum surface at 50V was shown in Figure IV.la. At 30

minutes anodization time, the contact angle of 139 ± 3 ° is attained. By increasing the

anodization time to 90 minutes, the contact angle increases up to 158 ± 3 °. These results

show that the contact angle of the surface varies on the anodization time. Figure IV. lb
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shows the effect of the voltage at 90 minutes, which is the time of anodization. These

results show slight improvement of the contact angle at 50 V; however, there is no

significant variation in the contact angle values when voltages vary from 30 V to 70V.
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Figure IV. 1 : Contact angle of the PP-HMDSO coating deposited on an anodized aluminum surface

as a function of a) anodization time and b) anodization voltage.

Several works done at CIGELE have shown that a high contact angle of different

coatings can be obtained at voltage 50 V for the duration 90 minutes [6,7,24]. Therefore,

based on our results and the previous works done at CIGELE, the optimum condition of

anodization was fixed at the voltage 50V and the temperature 18 °C for 90 minutes.

The SEM image of the anodized aluminum surface at 50 V and 90 minutes is

depicted in Figure IV.2. It exhibits the presence of a pores with a diameter of about 80-160

nm as a "hexagonal bird's nest" structure separated by thinner pore walls.
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Figure IV.2: SEM image of the anodized aluminum surface.

IV-1-2- Boiling water treatment

The aluminum alloy surface is treated with boiling water to develop nano-pore

structure films. This method is called boehmitage (formation of boehmite, Al2O3*H2O(s))5

and is used industrially to improve the corrosion properties of aluminum [112,134]. The

results of the contact angle measurement of aluminum immersed in boiling water shows

that the surface has hydrophilic properties due to the presence of polar components

[135,136]. Also, the porosity and morphology of the substrate are changed by different

immersion times [25,114,137].

The evaluation of contact angle and contact angle hysteresis of the PP-HMDSO

coatings deposited on water treated aluminum as a function of immersion time in boiling

water is depicted in Figures IV.3a-b. The contact angle of the PP-HMDSO coating

deposited on untreated aluminum is around 115°. The PP-HMDSO coating on a surface

immersed in boiling water shows superhydrophobic properties for an immersion of 3 to 60

minutes. A contact angle around 161 ± 2 ° is attained for 3 to 35 minute immersion times.
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For immersions of more than 60 minutes, the contact angle decreases to 132 ± 2° (see

Figure IV.3a). The contact angle hysteresis decreases when the immersion time goes up

from 3 to 5 minutes. Immersion times above 5 minutes lead to an increase of the contact

angle hysteresis (see Figure IV.3b). As our objective is to have a high contact angle and a

low contact angle hysteresis, the immersion time of 5 minutes is determined to be optimal.
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Figure IV.3: Variation of a) contact angle and b) contact angle hysteresis of the PP-HMDSO
coating deposited on water-treated aluminum surfaces versus different immersion times in boiling

water.

IV-2- Process of plasma polymerized HMDSO coating

Plasma pre-treatment can be used to clean and activate the surface thus improving the

adhesion between the substrate and the thin film coating [66,138-140]. The effect of argon

plasma pre-treatment on the water treated and anodized aluminum surfaces before the PP-

HMDSO coating is presented in Figures IV.4a-b.

According to Figure IV.4a? the contact angle of the PP-HMDSO coating deposited on
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a water treated aluminum surface without any pretreatment is about 143°. However, by

using the argon pre-treatment before PP-HMDSO coating the surface, the contact angle

increased to about 161°. Furthermore, the contact angle of the PP-HMDSO coating

deposited on an anodized aluminum surface without pre-treatment is 145° while this value

increased up to 158° with pre-treatment, as shown in Figure IV.4b. In fact, the argon

plasma pre-treatment before the deposition of a HMDSO coating may activate the surface

as well increase the adhesion of coating on the surface [130, 133].

Witlioal prc-treatimMt- With pre-traMTmeitt Without prHtreatnumt With pr**rcatntcst

Figure IV.4: Evaluation of the contact angle of the PP-HMDSO coating deposited on a) a water-
treated aluminum surface and b) an anodized aluminum with and without pre-treatment.

Table IV. 1 presents the contact angle of different treated and untreated surfaces. The

contact angle of the untreated aluminum surface was around ~ 90°. After the deposition

coating of PP-HMDSO on the aluminum surface, the contact angle increased to around ~

115°. It should be noticed that the maximum contact angle attainable on a flat surface by

lowering the surface energy does not exceed 120° [14]. The results of wettability on
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anodized aluminum and water-treated surfaces show that the water droplet was spread on

the anodized and boiling water-treated aluminum surfaces, and the contact angles were

about 12° and 17°, respectively. In fact, the presence of a polar group (such as �OH) on the

water treated aluminum surfaces can facilitate the hydrogen bond or cause electrostatistic

attraction between the water molecules and these surfaces [142], Moreover, the 3-D

capillary effect, due to the wicking and imbibitions in the broken sheets and nano-pores of

the anodized aluminum surface, can lead to a quick spread of the water droplet on the

surface [143]. As a result, the surfaces became hydrophilic after an anodizing and

immersion in boiling water.

The contact angle of the PP-HMDSO coating deposited on anodized and water-

treated aluminum surfaces showed superhydrophobic properties with a contact angle of

about -158° and ~161°, respectively. As a result, the presence of micro/nano structured

roughness and low surface energy material on the surface caused the superhydrophobic

characteristics of these surfaces.
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Table IV. 1: Comparison of wettability of untreated and treated aluminum surfaces.

Name Contact angle

Untreated aluminum surface 90°

PP-HMDSO film deposited on aluminum surface 115°

Anodized aluminum surface 12°

Water-treated aluminum surface 17°

PP-HMDSO film deposited on anodized aluminum
surface

158°

PP-HMDSO film deposited on water-treated
aluminum surface

161C

In order to study the chemical composition of the PP-HMDSO coating deposited on

anodized and water treated aluminum surfaces, a FT-IR analysis was carried out. The FT-

IR spectra of thin films of the PP-HMDSO coating deposited on anodized and water-treated

aluminum surfaces are presented in Figures IV.5a-b.

The results show the presence of the peak corresponding to the CH3 rocking in Si-

(CH3)2 at 800 cm"1, the Si-CH3 rocking vibration in Si-(CH3)3 at 840 cm"1 and the Si-O-Si

asymmetric stretching bonds occurring at around 1000-1150 cm"1. In addition, the bands of

the CH3 symmetric bonding in Si-CH3 present at 1260 cm"1 and the stretching of CHX (x=l,

2, 3) symmetric and asymmetric occurred at around 2900-2960 cm"1 [43,76]. Furthermore,
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the FTIR spectrum shows a broad absorption band at 3650-3200 cm'l which can be

attributed to O-H stretching mode of water molecules (Figure IV.5a). It also shows an Al-O

stretching vibration band at 1700-1500 cm"1 (Figure IV.5b). These results confirm the

presence of PP-HMDSO films on the surface of Al alloy.
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Figure IV.5: FT-IR spectrum of the PP-HMDSO coating on (a) water-treated aluminum surface and
(b) anodized aluminum surface.

SEM analysis was used to study the surface morphology after coverage by the PP-

HMDSO coating. SEM images of the anodized and water treated aluminum surfaces before

and after the PP-HMDSO coating are presented in Figures IV.6a-d.

As shown in Figure IV.6a, the structure of the aluminum surface immersed in boiling

water for 5 minutes exhibits a flower-like structure with a wide petal size and thick cell

walls. After depositing the PP-HMDSO film on a water-treated aluminum surface the

structure is significantly changed in that the surface was filled with a homogenous short

fibrous structure (Figure IV.6b). On the anodized surface, the pores formed a "hexagonal

81



bird's nest" structure separated by thinner pore walls as shown in Figure IV.6c. After

covering by PP-HMDSO coating on anodized aluminum, the presence of a coral-like

nanostructure was observed (see Figure IV.6d). Furthermore, the presence of a white

coating of PP-HMDSO film deposited on anodized and water-treated aluminum surfaces

was also noted. The research work done by Ji et al. [43] also showed that the atmospheric

pressure plasma polymerized HMDSO coating deposited on polyester fiber as a substrate

leads to the presence of a white layer of a silicon component.

Figure IV.6: The SEM micrograph of a) aluminum immersed in boiling water, b) the PP-HMDSO
coating deposited on a water-treated aluminum surface, c) anodized aluminum and d) PP-HMDSO

coating deposited on an anodized aluminum surface.

Several plasma parameters can affect the chemistry of the resulting film, such as

input power, distance from monomer inlet, deposition time, monomer flow rate, gas flow
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rate, temperature, and pressure. Many studies report the influence of these individual on

water-repellency of a coating [77,78,144,145]. In the present study, the influences of four

plasma parameters are studied using the Grey-based Taguchi method in order to optimize

the wettability of the resulting thin film.

ÏV-3- Optimization of plasma process parameters

In this section we will study the effect of the following plasma process parameters, at

three levels; input power, deposition time; monomer flow rate, and distance from the

monomer inlet. Their notations, unit and values at different levels are listed in Table IV.2.

It should be noted that, based on the full factorial experiments method in our present

system, these four parameters and three levels would require 34 = 81 tests. That represents a

huge experimentation cost.

Table IV.2: Plasma process parameters and their levels.

Parameters

Input power
Monomer Flow rate

Deposition time
Distance from monomer inlet

Notations

P
F
T
D

Units

W
g/hr
min
cm

Levels of factors
1

60
10
5
8

2
90
15
15
13

3
120
20
25
17

Taguchi5 s factorial experiment approach reduces the number of experimental runs.

For this system (four parameters at three levels), Taguchi5s L9 orthogonal array consisting

of 9 sets of data has been selected to optimize the multiple performance characteristics of
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the high contact angle and the low contact angle hysteresis on the PP-HMDSO coating

deposited on water treated and anodized surfaces (see Table IV.3 and Table IV.4).

Table IV.3. Orthogonal array L9 of the experimental runs and results of contact angle and contact

angle hysteresis of the PP-HMDSO coating on a water-treated aluminum surface.

Test No.

1
2
3
4
5
6
7
8
9

P

(W)

60
60
60
90
90
90
120
120
120

T

(min)

5
15
25
5
15
25
5
15
25

F

(g/hr)

10
15
20
15
20
10
20
10
15

D

(cm)

8
13
17
17
8
13
13
17
8

Contact angle of

the PP-HMDSO
film on a water-

treated aluminum
surface (°)

154 ±3
161 ±4
159 ±3
159 ±2
124 ±2
115 ± 3
148 ±3
125 ±2
114±2

Contact angle
hysteresis of the

PP-HMDSO film on a
water-treated

aluminum surface (°)
24 ±1
32 ±4
13 ±3
35 ±4
47 ±5
49 ±4
46 ±3
55 ±1
33 ±4

Table IV.4: Orthogonal array L9 of the experimental runs and results of the contact angle and

contact angle hysteresis of a PP- HMDSO coating on an anodized aluminum surface.

Test
No.

1
2
3
4
5
6
7
8
9

P

(W)

60
60
60
90
90
90
120
120
120

T

(min)

5
15
25
5
15
25
5
15
25

F

(g/hr)

10
15
20
15
20
10
20
10
15

D

(cm)

8
13
17
17
8
13
13
17
8

Contact angle of

the PP-HMDSO film on
an anodized aluminum

surface (°)

155 ±3
159 ±5
162 ±3
158±2
120 ±1
116±5
138 ±4
118±5
115 ± 5

Contact angle

hysteresis of

the PP-HMDSO film on
an anodized aluminum

surface (°)
24 ±5
34 ±3
13 ±3
33 ±4
47 ±2
48 ±2
49 ±1
55 ±2
35 ±4
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Normally, the Taguchi method is used for optimizing a single response. In this study,

the Grey-based Taguchi method is used to optimize multiple responses (the highest contact

angle and the lowest contact angle hysteresis). The contact angle and the contact angle

hysteresis have been normalized (between 0-1) to calculate the Grey relational generation.

The normalized contact angle and contact angle hysteresis of the PP-HMDSO coating

deposited on water treated and anodized aluminum surfaces for each set of the plasma

process parameters are presented in Table IV. 5. Then, the Grey relational coefficient for

each response of a PP-HMDSO coating deposited on water-treated and anodized aluminum

surfaces has been calculated by using Equation III.9 (see Table IV.6 and Table IV.7). Based

on the literature [145], the value of ^ was set as 0.5. The grey relational grade can be

calculated by using Equation III. 10, which is the overall representative of both responses,

as shown in Table IV.6 and Table IV.7.

Table IV.5: Normalized data of the experimental results for each performance characteristic of the

PP-HMDSO coating deposited on boiling water treated and anodized aluminum surfaces.

Test No.

1
2
3
4
5
6
7
8
9

Normalized contact angle of the PP-
HMDSO coating on

Water-treated
0.85
1.00
0.96
0.96
0.21
0.02
0.72
0.23
0.00

Anodized
0.85
0.94
1.00
0.91
0.11
0.02
0.49
0.06
0.00

Normalized contact angle hysteresis of
the PP-HMDSO coating on

Water-treated
0.26
0.45
0.00
0.52
0.81
0.86
0.79
1.00
0.48

Anodized
0.26
0.50
0.00
0.48
0.81
0.83
0.86
1.00
0.52
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Table IV.6: Pre-processing data of the experimental results for each performance characteristic of

the PP-HMDSO coating deposited on a water treated aluminum surface.

Test No.

1
2
3
4
5
6
7
8
9

Grey relational coefficient of the PP-HMDSO
coating on a water treated aluminum surface

First response

(contact angle)
0.770
1.000
0.922
0.922
0.388
0.338
0.644
0.395
0.333

Second response
(contact angle

hysteresis)
0.404
0.477
0.333
0.512
0.724
0.778
0.700
1.000
0.488

Grey relational grade of the PP-
HMDSO coating on a water
treated aluminum surface

0.587
0.739
0.627
0.717
0.556
0.558
0.672
0.697
0.411

Table IV.7: Pre-processing data of the experimental results for each performance characteristic of

the PP-HMDSO coating deposited on an anodized aluminum surface.

Test No.

1
2
3
4
5
6
7
8
9

Grey relational coefficient of the PP-HMDSO
coating on an anodized aluminum surface
First response

(contact angle)
0.770
0.887
1.000
0.855
0.359
0.338
0.495
0.348
0.333

Second response
(contact angle

hysteresis)
0.404
0.500
0.333
0.488
0.724
0.750
0.778
1.000
0.512

Grey relational grade of the PP-
HMDSO coating on an

anodized aluminum surface

0.568
0.665
0.667
0.658
0.541
0.544
0.646
0.674
0.423

Now, the multi response problem has been transformed into a single equivalent

response. Therefore, the higher Grey relational grade means that the corresponding

parameter combination is closer to the optimum [119,120]. Thus, Taguchi's method was
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used to obtain the higher Grey relational grade with regard to robustness in signal-to-noise

(S/N) ratio based on the larger-the-better criterion Equation III.2, as shown in Table IV.8.

The mean responses for S/N ratio of PP-HMDSO films on water-treated and anodized

aluminum surfaces for each set of the plasma process parameters are shown in Table IV.9

and Table IV. 10, and they are represented graphically in Figure IV.7a-b.

Table IV.8: The Signal-to-noise (S/N) ratio of Grey relational grade of the PP-HMDSO coating on

water-treated and anodized aluminum surfaces.

Test No.

1
2
3
4
5
6
7
8
9

P

(W)
60
60
60
90
90
90
120
120
120

T

(min)
5
15
25
5
15
25
5
15
25

F

(g/hr)
10
15
20
15
20
10
20
10
15

D

(cm)
8
13
17
17
8
13
13
17
8

S/N ratio of the PP-HMDSO coating on

Water-treated surface

-4.625
-2.631
-4.048
-2.891
-5.094
-5.068
-3.454
-3.129
-7.726

Anodized surface

-4.625
-3.180
-3.522
-3.460
-5.329
-5.287
-3.927
-3.426
-7.478

Also, the difference between the highest and lowest values of the S/N ratio is an

indicator with regard to the influence of a parameter. So, the rank of each parameter was

determined by the difference between the highest and the lowest S/N ratio.. From the results

obtained, in Table IV.9 and Table IV. 10, it is clear that D (i.e. the distance from monomer

inlet) the greatest contributor to the overall water repellency (Max(S/N) - Min(S/N) = 2.46

and 2.34). The factors P (i.e. the plasma power) and T (i.e. deposition time) also provided a

87



fairly large contribution to the plasma polymer coating hydrophobicity. On the other hand,

the monomer flow rate (F) played a minor role in the water repellency of the micro/nano-

coating. Therefore, the order of importance of the controlling parameters on water

repellency of PP-HMDSO coating was: D>T>P>F.

Table IV.9: The response effects of the S/N ratios and their ranking of the PP-HMDSO coating

deposited on a water-treated aluminum surface.

Plasma
Parameters

P(W)
T (min)
F (g/hr)
D(cm)

Means of S/N ratio of the PP-HMDSO
coating on a water-treated surface

Level 1
-3.77
-3.66
-4.27
-5.82

Level 2
-4.35
-3.62
-4.42
-3.72

Level 3
-4.77
-5.61
-4.20
-3.36

Max(S/N)-Min (S/N)

1
1.99
0.22
2.46

Ranking

3
2
4
1

Table IV. 10: The response effects of the S/N ratios and their ranking of the PP-HMDSO coating

deposited on an anodized aluminum surface.

Plasma

Parameters
P(W)

T (min)
F (g/hr)
D(cm)

Means of S/N ratio of the PP-HMDSO
coating on an anodized surface

Level 1
-3.776
-4.004
-4.446
-5.810

Level 2
-4.692
-3.978
-4.706
-4.132

Level 3
-4.944
-5.429
-4.259
-3.469

Max(S/N)-Min (S/N)

1.168
1.451
0.447
2.341

Ranking

3
2
4
1

Figures IV.7a-b show the variation and the effect of coating parameters to S/N ratio.

The factor levels with the largest S/N ratios are the optimum levels as they minimize the

sensitivity over the range of noises. In order to have the optimal conditions (high contact

angle and the low contact angle hysteresis), we are looking for the condition where the
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highest S/N ratio exists. Therefore, the optimal conditions for the PP-HMDSO to obtain a

superhydrophobic film according to their high S/N ratios correspond to P1T2F3D3 (see

Figures IV.7 a-b). This condition corresponds to an input power of 60W? a deposition time

of 15 min, a monomer flow rate of 20 g/hr, and a distance from monomer inlet of 17 cm.

a)
T (mm) D(cm)

60 90 120 5 15 25 5 10 20 8 13 17

b)
-3.5-

-5,5-

-6,0 -L,

P(W) T (mln) F(g\hr} D(cm)

60 90 120 5 Î5 25 5 10 20 S 13 17

Figure IV.7: Variation of average S/N ratios with factor levels of the PP-HMDSO coating deposited
on a) a water-treated aluminum surface and b) an anodized aluminum surface.
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These results clearly show that the water repellency properties of a PP-HMDSO

coating can be improved by decreasing the input power. It is generally believed that

decreasing the input power causes a low ion bombardment. Likewise, a low ion

bombardment can cause low precursor fragmentation; which yields a high concentration of

retained methyl groups. The presence of a high concentration of methyl groups encourages

the hydrophobic properties of the coating. Many studies have likewise observed a similar

effect of power on wettability in a plasma polymerization process [65,146,147].

It is also observed that by increasing the distance from the monomer inlet, the

hydrophobicity improves. It was shown that at a high distance, the density and the energy

of electrons and ions are absent or negligible. Therefore, the absence of charged particles

leads to orientation of the chains and networks of a coating characterized by a low surface

energy [73]. Butoi et al [91] have also found that depositions performed at the farthest

distance from the plasma glow discharge of Hexafluoropropylene oxide (HFPO) displayed

a high degree of orientation. They showed that the free movement of undesired energetic

species bombardment occurs simply at high distance because these species are lost through

plasma recombination processes prior to reaching a substrate.

By increasing the monomer flow rate, or in other words the concentration of the

methyl group, low significant effect on wettability was observed. Kale et al [31] have

observed a similar effect of the monomer flow on wettability. They found that at primary

deposition time, there is no variation in the surface energy when monomer concentration is

increased. But at high deposition time, the surface energy is diminishes only slightly by
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increasing the monomer flow rate.

Many studies showed that deposition time can lead to an increase in the thickness of

the coating [77,78,89]. The results of 25 minute deposition time (contact angle and contact

angle hysteresis) were satisfactory, however. In spite of this, in this study, 15 minutes is the

optimum deposition time, considering the influence on other plasma parameters in order to

create a superhydrophobic coating (high contact angle and low contact angle hysteresis).

Once the optimal process parameters have been determined, the final step is to verify

the improvement of the contact angle and contact angle hysteresis at optimum conditions

obtained by Grey-based Taguchi method. For this reason, an additional experiment was

performed at optimum conditions (P1T2F3D3). The results of the contact angle at optimum

condition showed an increase up to 161 ± 2° for the PP-HMDSO coating on a water-treated

surface and 158 ± 3° for the PP-HMDSO film on anodized aluminum, respectively (see

Figures IV.8a-b).

Figure IV. 8: Contact angle of the PP-HMDSO coating deposited at optimum condition of plasma
polymerization on a) a water-treated aluminum surface and b) an anodized aluminum surface.
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Also, a contact angle hysteresis is 11 ± 2 ° and 13 =fc 2° for PP-HMDSO coating

deposited on water-treated and anodized aluminum surface, respectively. Based on Cassie-

Baxter equation, which as explained in chapter II, the fraction of surface in contact with the

water droplet is calculated (Table IV. 11). It should be mentioned the contact angle of PP-

HMDSO coating deposited on flat surface is around 100°.

Table IV. 11, The surface area fraction (f) for PP-HMDSO coating deposited on treated surfaces
Name

PP-HMDSO coating on anodized Al surface
PP-HMDSO coating on water-treated Al surface

Contact angle (°)
158°
161°

/
0.088
0.066

The small value of/shows that the air is trapped under a drop interstice in the rough

surface, and the water droplet can roll off easily. The very low value of sliding angle 2 ±

0.5° and 8 ± 0.4° for the PP-HMDSO deposited on water-treated aluminum and anodized

aluminum surfaces also confirms the value off. Furthermore, these results indicate that our

analytic method provided a beneficial innovation, including a robust design and an ideal

function for the water-repellency coating.

IV-4- Conclusion

The results presented here show that the superhydrophobic surfaces were derived by

combining two surface roughening processes (anodization and boehmite methods) with the

low surface energy coating (plasma polymerized HMDSO film). The result of SEM and

contact angle analysis showed significant effects on voltage and time on the anodization
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process as well as immersion time on the boehmite process.

In order to optimize plasma polymerization, four controlling parameters of the plasma

process, namely input power, deposition time, monomer flow rate, and distance from the

monomer inlet were considered. The Taguchi approach, followed by the Grey relational

analysis, was applied to solve this multi-response optimization problem (high contact angle

and low contact angle hysteresis). Through the Grey-based Taguchi method, it was found

that the distance of the monomer inlet substrate and the plasma energy play the most

significant role in affecting the coating's wettability.

The optimal condition proposed by this method has been verified through additional

experiments which showed an increase in static contact angle up to 161° and 158 ° and a

decrease in contact angle hysteresis up to 11° and 13° with sliding angle 2 ± 0.5° and 8 ±

0.4°, for a plasma polymerized HMDSO coating deposited on water treated and anodized

aluminum surfaces, respectively.
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CHAPTER V

STUDY OF THE STABILITY OF THE PLASMA

POLYMERIZED HMDSO COATING

Introduction

This chapter concerns the durability of a PP-HMDSO coatings deposited on anodized

and water treated aluminum surfaces and obtained at the optimum conditions of plasma

parameters from chapter IV. The aging of these coatings is studied under UV degradation,

stability in various pH solutions, and consecutive icing/de-icing cycles. Their stability is

evaluated by contact angle measurement, surface morphology analysis, and surface

chemical composition. Here, we use the abbreviation W15 for a PP-HMDSO deposited for

15 minutes on water-treated aluminum surface, and A15 for a PP-HMDSO deposited for 15

minutes on an anodized aluminum surface.
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V-1-Effect of UV radiations on HMDSO thin films

In order to simulate sunlight exposure, the surfaces are exposed to a UVA fluorescent

lamp. The contact angle is measured after each eight-hour cycle of exposure. This section

focuses on the stability of surfaces A15 and W15 against UV degradation.

V-l-1- Effect of UV exposure on a HMDSO coating deposited on an

anodized aluminum surface

The stability of A15 was studied after UV exposure by measuring the surface contact

angle. Figure V. 1 depicts the evaluation of the contact angle as a function of UV light

exposure time. The results show that the contact angle rapidly decreases from 158° to 150°

after 35 hours of UV exposure. The contact angle remains constant up to 150 hours and it is

reduced to 145° after 240 hours of UV exposure.

Exposure time (hr)
Figure V.I : Variation of contact angle versus exposure time of UV light on A15.
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FT-IR analysis was used to demonstrate the effect of UV exposure on the chemical

composition structure of the A15. Figures V.2a-b depict the FT-IR spectrum of the A15

before and after 240 hours of UV exposure. It shows that the intensity of Si-(CH3)2, Si-

(CH3)3? Si-CEb, and CHX (x = 1, 2, 3) groups decreased after UV exposure. Nevertheless,

the presence of these groups represents the hydrophobic characteristic of A15 after 240

hours of UV exposure. Therefore, the FT-IR analysis and the contact angle measurement

confirm the stability of the superhydrophobic A15 against UV degradation.

s
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Figure V.2: FT-IR spectrum of the film deposition on A15 a) before 240hr UV exposure and b) after
240 hr of UV exposure.

V-l-2- Effect of UV exposure on the HMDSO coating on a water-treated

aluminum surface

The effect of UV exposure time on the contact angle is shown in Figure V.3, where

the contact angle of W15 rapidly decreases and reaches 150° in the first 15 hours of
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exposure. After the initial fall, the contact angle remains constant around 150° for up to 100

hours of exposure and the contact angle is slightly decreased to 145° after 240 hours of UV

exposure.

mo-

16S-a

ISO

S 135-

urn

"i i ï
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Exposure time (hr)
Figure V.3: Variation of contact angle versus exposure time of UV light of W15.

The similar FT-IR spectrum results for W15 surface before and after 240 hours of UV

exposure were achieved. Therefore, we concluded the PP-HMDSO coating deposited on

anodized and water treated aluminum surfaces have a relatively good stability against UV

degradation compared to other research work done by Hugan et al. [148] that showed the

superhydrophobic coating had changed to hydrophilic coating after 8 hours of UV

exposure. It should be noted that 240 hours of exposure in the mentioned apparatus is

equivalent to about six months of natural exposure in Canada (see section III.3.6).
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V-2- Effect of different pH solution and immersion in distilled water on

wettability of HMDSO coating

Acidic rain is a common phenomenon in urban and industrial areas, and it can have

harmful effects on outdoor infrastructure. Hence the study of the stability of a coating in

acidic conditions is necessary. Furthermore, in order to apply the superhydrophobic surface

to industrial fields, it is critical to reveal the chemical stability of the superhydrophobic film

in different pH solutions [149]. In order to evaluate the stability of a coating against

rainwater in outdoor conditions and other applications, superhydrophobic surfaces were

exposed to different pH solutions (acidic, basic and neutral solutions), and the resistance of

the coating against different pH levels was investigated. The A15 and W15 were immersed

in acidic, basic and neutral solutions for 240min. Subsequently, all the surfaces were

carefully blow-dried by N2 and their contact angle was measured. Also, in order to evaluate

the coating's stability as a function of immersion time in water, the surfaces were immersed

for extended periods of time in the pH7 (distilled water) solution after which the contact

angle of these surfaces was measured.

V-2-1- Stability of HMDSO coating on an anodized aluminum surface

immersed in various pH solutions

A study of the stability of a HMDSO coating deposited on an anodized aluminum

surface (Figure V.4) shows that the contact angle of A15 decreased to 130° in a basic

solution while the contact angle was near 150° in acidic and neutral solutions after
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immersing for 240 min. The result shows that the coating is more stable in acidic and

neutral than in basic solutions. Isimjan et al. [6] showed that the superhydrophobic coating

was destroyed after 5 day immersion in acidic solution without affecting surface

morphology. Their results showed that the structure of the chemical composition of the

coating can be affected by different pH values.

Ï80

pH 4 pH 7 pH iO
Figure V.4: Contact angle value of A15 after 240 min immersion in different pH solutions.

The contact angle of A15 as a function of immersion time in distilled water is shown

in Figure V.5a. It can be seen that the contact angle decreased sharply from 158° to 140°

after an immersion time of 20 hours. After that, the contact angle decreased continuously

after 670 hours of immersion in water when it reached about 103°. As the immersion time

increased to 740 hours, the contact angle suddenly decreased to 90°. Also, we compare the

stability of Â15 in water with the stability of untreated surface. A study of the variation of

contact angle of the untreated aluminum surface as a function of immersion time showed
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that the contact angle decreased from 90 ± 2° to 20 ± 2.4° after 740 hours of immersion in

water (Figure V.5b). Thus, the reduction of contact angle after 740 hours of immersion in

water may be hypothesized as follows the coating is dissolved and corrosive sets in.

Moreover, the reduction of the contact angle of untreated aluminum after 740 hours of

immersion in distilled water may be related to the same chemical reaction (corrosion).

180

Immersion time (hr)
Figure V.5: Variation of contact angle versus immersion time in distilled water on a) A15 and b)

untreated aluminum.

V-2-2- Stability of a HMDSO coating on a water-treated aluminum

surface immersed in various pH solutions

The variation of contact angle of W15 as a function of pH values after 240 minutes of

immersion is presented in Figure V.6. We can see the static water contact angle decreases

to be in the ranges of 146 ± 1 to 158 ± 2° after 240 min immersion in each pH's solution (4,

7 and 10). These results indicate that the W15 is a superhydrophobic surface relatively good
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resistance in acidic, basic and neutral solutions.

pH4 pH7 pHIO
Figure V.6: The contact angle value of W15 after 240 minutes immersion in different pH solution.

The variation of contact angle of Wl 5 as a function of immersion time in distilled

water is shown in Figure V.7. A rapid decrease in contact angle value (near 150°) of W15

can be seen at the beginning. After that, the surface keeps its superhydrophobicity (145 ±

5°) for up to 200 hours of immersion. The reduction in contact angle to around 120° is

observed after 700 hours. By increasing the immersion time to 740 hours, the contact angle

sharply decreases to 83°. Gnanappa et al. [104] showed that the superhydrophobic

properties of a plasma polymerized fluorocarbon surface was decreased after 5 days of

immersion in water due to the degradation of the coating. Immersion for a long time in

water may either detach or dissolve the coating without damage to the surface morphology.
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Figure V.7: Variation of contact angle of W15 versus immersion time in distilled water.

If we compare the results of the stability of W15 and A15 immersed in different pH

solutions, W15 shows a greater stability than A15 in a basic solution, while in acidic and

neutral solutions, their stability is equal after 240 minutes. Also, the A15 and W15 surfaces

have a relatively good stability after 740 hours ( -30 days) of immersion in distilled water,

and they have approximately the same hydrophobic properties.

V-3-Icephobicity

Many studies have further shown the good correlation between superhydrophobicity

and icephobicity [52,150-152], although a few studies did not agree with this aspect and

showed the inverse results [55,56]. In order to compare and come to conclusion regarding

the relationship between hydrophobicity and icephobicity, several factors should be

considered such as: the method of ice accumulating on a surface, type of the accumulated

ice, and the morphology of the surface. In this work, the glaze ice accumulation on the
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samples was performed by spraying the super cooled water droplets in a wind tunnel at sub-

zero conditions after which the ice adhesion strength was measured by a centrifugal

instrument. Also, in order to assess the durability of their ice-repellent properties over time,

they were tested after several icing/de-icing cycles. The stability of the surfaces was

evaluated by contact angle measurements and ice adhesion strength after several icing/de-

icing cycles.

V-3-1- Ice adhesion measurement of a PP-HMDSO coating

Table V.I compares the shear stress of an untreated aluminum surface, a PP-HMDSO

coating on an aluminum surface, and PP-HMDSO deposited on anodized and water treated

surfaces (A15 and W15). It can be seen that the shear stress of untreated aluminum (contact

angle - 90°) is 350 ± 25 kPa (ARF = 1), which is decreased to 250 ± 20 kPa (ARF = 1.4)

for the PP-HMDSO film deposited on untreated aluminum (contact angle ~ 115°); it

decreases even more, to 100 ± 9 kPa (ARF = 3.5) and 30 ± 8 kPa (ARF = 11.6) for the A15

(contact angle ~ 158°) and W15 (contact angle ~ 161°), respectively. These results indicate

that reduction in ice adhesion strength is affected not only by the low surface material

coating but also by the roughness of the surface resulting from anodization and immersion

in boiling water.

Table V.I: Comparison of ice adhesion strength of untreated and treated aluminum substrates.

Name
Untreated aluminum

PP-HMDSO coating on aluminum
A15
W15

Shear stress (kPa)
350 ± 25
250 ±10
100 ±9
30 ±8

ARF
1

1.4
3.5
11.6

103



Figures V.8a-c depicts images of accumulated ice on the untreated aluminum surface,

PP-HMDSO coating on the aluminum surface as a hydrophobic surface, and W15 as a

superhydrophobic surface after 90 seconds. It is obvious that a thick homogeneous ice layer

has accumulated on untreated aluminum surfaces (see Figure V.8a). A remarkable change

in the form of accumulated ice on a hydrophobic surface is observed, as shown in Figure

V.8b where the heterogeneous freezing of water droplets on the hydrophobic surface can be

seen. Accumulated ice formed with difficultly on the superhydrophobic surface, and the

quantity of ice was reduced (see Figure V.8c). These are in agreement with the work done

by Sarshar et al. [53]. They also showed that a superhydrophobic surface (contact angle ~

170° and contact angle hysteresis ~ 3°) with nano structured roughness can lead to an

increase in the delay of ice accumulation on a surface.

Figure V.8: Images of a) an untreated aluminum surface, b) a hydrophobic surface and c) a
superhydrophobic surface after glaze ice accumulation in the wind tunnel for 90 seconds.
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V-3-2- Study of the stabOity of a coating against several icing/de-icing

cycles

In order to evaluate the longevity of such surfaces and to assess their potential

outdoor applications, their durability is studied following several icing/de-icing cycles. It

should be noted that in order to reduce extensive maintenance and operating costs, any

developed surface should be stable enough to maintain its superhydrophobic and icephobic

characteristics in various environments and weather conditions.

V-3-2-l-Ice adhesion of a HMDSO coating deposited on an anodized

aluminum surface

Ice adhesion strength and contact angle of the A15 sample were measured after

several icing/de-icing cycles. Figure V.9 depicts that ice adhesion stress remains

approximately constant at 100 ± 9 kPa (ARF = 3.5) for the first seven icing/de-icing cycles,

after which it increased to 250 ± 25 kPa (ARF = 1.4). Although the shear stress increased

after fifteen icing/de-icing cycles, it reached 250 kPa; however, the surface still retained its

icephobic properties (ARF = 1.4).

105



500

6 9 12 15

No» of icing/de-icing
Figure V.9: Variation of shear stress of A15 surface as a function of icing/de-icing cycles.

The evaluation of the contact angle as a function of icing/de-icing cycles is shown in

Figure V.10. It can be observed that the contact angle of the A15 sample decreased from

158 ± 2 ° to 145 ± 4° after fifteen icing/de-icing cycles. Even though the contact angle was

still high, the increment of/value (from Cassie-Baxter equation) from 0.088 to 0.218 may

be the reason why the water droplets were unable to move freely on the surface. These

results show that a transition has occurred from Cassie-Baxter to Wenzel wetting regime

after fifteen icing/de-icing cycles. Moreover, the increase of the sliding angle value of the

surface from 8 ° to 25 ° after fifteen icing/de-icing cycles confirms this phenomenon.
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Figure V.IO: Variation of contact angle of A15 surface versus several icing/de-icing cycles and
images of contact angle hysteresis before and after fifteen icing/de-icing cycles.

This variation in the icephobic behaviour of the surfaces after successive icing/de-

icing cycles may be attributed to the following two phenomena: (1) modification or

degradation of the surface roughness and/or (2) partial elimination of low surface energy

coating on the surface.

The morphology of A15 was studied with SEM images. Figure V.I la shows the

presence of a spongy micro-structure on the surface before any icing/de-icing cycles.

However, after fifteen icing/de-icing cycles, the morphology of the surface has been

changed significantly by the presence of large pores on the surface (see Figure V.I lb). This

phenomenon may result from the collapse of the initial micro/nano-structured layer,

creating larger roughness features.
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Figure V.I 1 : SEM images of Al 5 a) before the icing/de-icing cycles, and b) after fifteen icing/de-
icing cycles.

Figures V. 12a-b depicts the AFM images of the A15 before and after the icing/de-

icing cycles. Figure V.I2a exhibits the needle-like structure (Rms = 47 nm) on the PP-

HMDSO thin films before any icing/de-icing. After fifteen icing/de-icing cycles, the

needle-like structure has been removed from the surface (Rms = 99 nm) (Figure V.I2b).

Also, the small hills were transformed to big hills. Kurtosis value of the surface before the

icing/de-icing cycles is around 4, indicating a spiky surface. This value decreases to around

2.5 after fifteen icing/de-icing cycles and consequently, the surface has lost its spiky

characteristics [153].

Figure V.I 2: AFM images of Al 5 a) before the icing/de-icing cycles, and b) after fifteen icing/de-
icing cycles.

108



XPS analysis was carried out to determine the chemical composition of the plasma

polymerized HMDSO coating deposited on anodized aluminum before and after the

icing/de-icing cycles. Table V.2 depicts the atomic percentage of Si2P (at 103.1 eV), Cis (at

285 eV), Ois (at 533eV) and A12P (at 75.1eV) on the A15 before and after fifteen icing/de-

icing cycles. As evident from that Table? there is no significant variation in the chemical

composition after fifteen icing/de-icing cycles, which shows that the coating is still present

after several icing/de-icing cycles.

Table V.2: Elemental composition of the A15 before and after fifteen icing/de-icing cycles.

Si
C

o
Al

Binding energy (eV)

103.1
285
533
75

Atomic values (%)
Before icing/de-icing

14
21
52
13

After icing/de-icing
13
21
51
15

XPS spectra can be obtained at a high resolution, focusing on the specific binding

energy of the Cls fitting components. Figures V. 13a-b depicts Cis curve-fitting spectra of

the A15 before and after fifteen icing/de-icing cycles, respectively. The spectrum can be

satisfactorily fitted with a combination of three distinct peaks: the peak at 284.6eV

corresponds to (CH3)X-Si-O, the peak at 285.4eV to C-C and C-H species, and the peak at

287eV to C-O groups. The percentage of these functions before and after icing/de-icing

cycles is 12 % (CH3)X-Si-O), 8% (C-C) and 1% (C-O), respectively. These results show

that no significant variation in the concentration of these groups was observed after fifteen
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icing/de-icing cycles.
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Figure V.13: Cis spectra of ̂ 4i5 a) before the icing/de-icing cycles, and b) after fifteen icing/de-
icing cycles.

Hence these results show that the variation of surface roughness has been the

dominant parameter in increasing the ice adhesion strength and decreasing the contact angle

of surface A15 after fifteen icing/de-icing cycles.

V-3-2-2-ïce adhesion of a HMDSO coating deposited on a water-treated

aluminum surface

Ice adhesion strength and contact angle of the W15 sample were measured after

several icing/de-icing cycles. Figure V.I4 depicts that ice adhesion strength is 30 ± 8 kPa

(ARF = 11.6) for the first icing/de-icing cycle with a slight increase to 100 ± 40 kPa (ARF

= 3.5) after fifteen successive icing/de-icing cycles. Although shear stress increases after

fifteen icing/de-icing cycles, the surface is still icephobic (ARF = 3.5).
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Figure V.14: Variation of shear stress of W15 versus several icing/de-icing cycles.

The variation of contact angle of W15 as a function of icing/de-icing cycles (Figure

V.I5) shows that the contact angle of W15 slightly decreases from 161 ± 2° to 154 ± 4°

after fifteen icing/de-icing cycles. This result confirms the stability of the superhydrophobic

properties of the coating over time and through varying conditions. Even though, the/value

is increased from 0.066 to 0.122, the water droplets can easily roll off the surface since the

sliding angle value of the surface has remained constant around 2° before and after the

fifteen icing/de-icing cycles. Consequently, it can be assumed that the Cassie-Baxter

wetting regime is still dominant on this surface after fifteen icing/de-icing cycles.
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Figure V.I 5: Variation of contact angle and images of contact angle hysteresis of W15 as a function

of several icing/de-icing cycles.

The morphology of W15 is studied with AFM (Figures V.16a-b) before and after the

icing/de-icing cycles. Figure V.I6a depicts the needle-like structure on the surface before

any icing/de-icing (Rms = 35 nm). However, after fifteen icing/de-icing cycles, the surface

roughness only slightly decreased to 28 nm despite the presence of a needle-like structure

on the surface (see Figure V.I6b). The Kurtosis value of the surface before and after fifteen

icing/de-icing cycles is around 3, which indicates Gaussian distribution and a random

surface. Also, the positive Kurtosis values indicate the enduring spiky characteristic of the

surface [154].
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Figure V.I6: AFM images of W15 a) before the icing/de-icing cycles, and b) after fifteen icing/de-
icing cycles.

Table V.3 depicts the atomic ratio of C/O and Al of W15 before and after fifteen

icing/de-icing cycles which are obtained by XPS analysis. As shown in Table V.3, there is

no variation in the ratio of C/O and Al% of W15 surface after fifteen icing/de-icing cycles

which confirms the results of contact angle measurement and ice adhesion strength.

Table V.3: Atomic ratio of W15 before and after fifteen icing/de-icing cycles.

Atomic ratio

C/O
Al

Surface W15
Before icing/de-icing

1.4
11

After icing/de-icing
1.4
11

Figure V.I7 depicts the FT-IR spectrum of W15 after fifteen icing/de-icing cycles. As

mentioned before, the presence of methyl groups at bands 2960 cm"1, 1260 cm"1, 840 cm"1

and 800 cm^on the surface can be considered the result of the hydrophobic characteristic of

the surface. Consequently, these results are confirmed by contact angle measurements and

ice adhesion strength of W15 after fifteen icing/de-icing cycles.
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Figure V.I7: FT-IR spectrum of W15 after fifteen icing/de-icing cycles.

Although the coating conditions for A15 and W15 were the same, the stability of

these surfaces is not similar after fifteen icing/de-icing cycles. Moreover, the presence of

aluminum on the surfaces indicates that these surfaces are not fully covered by PP-HMDSO

coatings. The difference in the underlying structure of the aluminum surfaces [anodized

aluminum (AI2O3) and aluminum treated in boiling water (A1OOH)] can be a reason. By

comparing the results of shear stress and contact angle of A15 and W15, the stability of

W15 is more than that of A15 after fifteen icing/de-icing cycles.

V-4-Conclusion

The durability of a PP-HMDSO coating on treated aluminum surfaces (A15 and W15)

was studied under a variety of conditions such as UV exposure, immersion in different pH

solutions, and successive icing/de-icing cycles. These results indicate that A15 and W15 had

good resistance to UV degradation. In addition, A15 had low resistance in a basic solution,
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although W15 had good stability in different pH solutions. Likewise, after 740 hours

immersion in distilled water, A15 and W15 both lost their hydrophobic properties and

contact angle decreased to around 90° and 83°, respectively.

Under atmospheric icing conditions, A15 and W15 showed ice adhesion strength 3.5

times and 11.67 times lower than an untreated aluminum surface, respectively. Although

A15 lost some of its nano-structured roughness after fifteen icing/de-icing cycles, it still had

superhydrophobic with icephobic properties (ARF = 1.4). XPS analyses showed that the

amount of carbon content on A15 (which determines the methyl groups on the coating) was

constant after fifteen icing/de-icing cycles. SEM and AFM images showed that the needle-

like structure of A15 disappeared after fifteen icing/de-icing cycles. While, W15 still had a

good stability after fifteen icing/de-icing cycles. XPS analysis indicated that the atomic

ratio of C/O before and after fifteen icing/de-icing cycles was approximately constant. The

AFM images also showed that the surface kept its roughness.
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CHAPTER VI

IMPROVEMENT OF THE STABILITY OF

A PLASMA POLYMERIZED HMDSO COATING

Introduction

In the present chapter, in order to improve the stability of the PP-HMDSO coating,

the deposition time of plasma polymerization is increased at constant conditions of input

power (60W)? distance from the monomer inlet (17cm) and the monomer flow rate

(20g/hr). The durability of coatings is studied under the following conditions: UV

degradation, stability in various pH solutions, and consecutive icing/de-icing cycles. The

abbreviation of W25 is used for 25 minutes PP-HMDSO coating deposited on water-

immersed aluminum, and A25 is used for 25 minutes PP-HMDSO coating deposited on

anodized aluminum. Finally, the corrosion resistance of a superhydrophobic surface is
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examined by using the Potentiodynamic polarization technique.

VI-1- Modification of the plasma parameters

The physico-chemical structures of plasma-polymerized films depend on many

process parameters, such as input power, monomer flow rate as well as distance from the

monomer inlet, and deposition time. At higher distances from the monomer inlet, the

density of ions and electrons decreases and it leads to lower monomer fragmentation. Then,

in this study, the maximum distance possible from a monomer inlet in our setup was used

during the plasma polymerization. Moreover, it should be noted that at low power, due to a

low fragmentation of the precursor in plasma phase, the highest percentage of the methyl

groups on the coating is reached. The minimum possible input power was used for plasma

initiation at constant pressure and a lower input power was impossible in this study. Results

from chapter IV also indicated that the monomer flow rate had very little effect on the

superhydrophobic properties of the deposited coating. Here, the only effective parameter

that could improve the stability was deposition time.

VI-1-1- Influence of deposition time on the thickness of thin films

In order to study the effect of deposition time on the stability of the coating, the

deposition time was varied from 5 to 25 minutes during the plasma polymerization process.

An ellipsometry instrument was used to measure the thickness of the coating following the

increase of the deposition time. The results show that by increasing the deposition time

from 5 to 25 minutes, the thickness of the coating increased from 5 nm to 18 nm and the
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refractive index decreased from 1.59 to 1.42 (see Table VI. 1). The reduction of the

refractive index while thickness increased may indicate the presence of a developing

porosity on the coating [155,156].

Table VI. 1: Comparison of thickness and reflective index of different deposition time of the PP-

HMDSO coating on treated aluminum.

Deposition time (min)
5
15
25

Thickness (nm)
5
12
18

Reflective index
1.59
1.57
1.42

VÏ-1-2- Effect of deposition time on the chemical composition of coatings

The XPS analysis was carried out to study the effect of changing the increments of

deposition time on the actual chemical composition of the PP-HMDSO coating. Figure VI. 1

depicts high-resolution peaks of Cis and Si2P. The bonding energy of the Cis peak is around

285 eV5 and 103 eV for the Si2P peak [157]. It can be seen that by extending deposition

time, the percentage of carbon to silicon ratio (C/Si) increases from 1.5 for 15 minutes to

2.15 for 25 minutes. These results show that the concentration of the methyl group which

represents the hydrophobic characteristic of PP-HMDSO coating is increased by rising the

deposition time. Furthermore, the percentage of AI2P (at 75 eV) and Ois (at 533 eV) in the

coating is decreased respectively from 11% to 4% and from 52% to 34% by extending the

deposition time (from 15 to 25 minutes). These results indicate a more homogeneous

covering of the surface by the PP-HMDSO coating when deposition time is increased.
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However, further increase of deposition time can lead to the formation of thicker coatings

which are more sensitive to delaminate.
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Figure VU : XPS high resolution of Cis and Si2p spectrums of PP-HMDSO coating on an anodized
aluminum at two deposition times.

VÏ-l-3-Effect of deposition time on the wettability of PP-HMDSO

coatings

As mentioned before, our aim is to improve the stability of the PP-HMDSO coating.

The contact angle, the contact angle hysteresis and the sliding angle of different surfaces

for different deposition times are given in Table VI.2. By increasing the deposition time

from 15 minutes (A15) to 25 minutes (A25)9 the contact angle and the contact angle

hysteresis are approximately constant, but the sliding angle decreases from 8° to 3° (/Value

from 0.088 to 0.059). Increasing the deposition time leads to higher coverage of PP-

HMDSO coating on the anodized aluminum surface. However, increasing deposition time

119



does not have any significant effects on the contact angle, the contact angle hysteresis nor

on the sliding angle of PP-HMDSO coating on water treated surface (W15 and W25).

Table VI.2: Variation of contact angle, contact angle hysteresis, sliding angle of the PP-HMDSO

coating at different deposition times on differently treated aluminum surfaces.

Name
A15
A25
W15
W25

Contact angle (°)
158 ±3
162 ±3
161 ± 2
159 ±3

Contact angle hysteresis (°)
13±2
13±3
11 ± 2
13 ±3

Sliding angle (°)
8 ±0.4
3 ±0.4
2 ±0.5
2 ±0.3

VI-2- Stability of the coating against UV degradation

In order to compare the effect of increment of the deposition time on the stability

against UV degradation, A25 and W25 have been exposed to UV light for 537 hours. It

should be noted that 537 hours of exposure in the mentioned apparatus are equivalent to

approximately one year of natural exposure in Canada (see Chapter III.3.6).

VI-2-l-Effect of UV exposure on a PP-HMDSO coating on an anodized

aluminum surface

Figure VI.2 indicates the variation of contact angle of A25 after 537 hours of UV

exposure. It shows that the contact angle of the surface decreased from 162° to 150° after

300 hours of exposure to UV light. Furthermore, by an increased exposure to UV light up

to 537 hours, the contact angle of A25 reached 140° (approximately superhydrophobic). As
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a result, a rise of deposition time slightly improved the stability of the PP-HMDSO coating

deposited on an anodized aluminum surface (see Figures VI.2 and V.I).
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Figure VI.2: Variation of contact angle of Â25 as a fonction of UV exposure time.

VI-2-2-Effect of UV degradation of a PP-HMDSO thin film deposited on

a water-treated aluminum surface

The evaluation of the contact angle of W25 after 537 hours of exposure to UV is

shown in Figure VI.3. The contact angle of the surface rapidly dropped to 150° after 15

hours of UV exposure. After the initial fall, the contact angle remained nearly constant

(near 150°) for 180 hours at which point it still kept its superhydrophobicity. Then the

contact angle underwent a minor decrease and reached 145° after 537 hours of UV

exposure. Therefore, the increase of deposition time of PP-HMDSO coating on a water-

treated aluminum surface has no effect on the stability against UV degradation after 537
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hours (equal to one year exposure to sunlight).
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Figure VI.3: Variation of the contact angle of W25 as a function of UV exposure time.

VÏ-3-Effect of various pH solutions and immersion in distilled water on

the coating wettability

As we noticed in the previous chapter (see section V.2), in order to evaluate the

stability of the coating, the surface is exposed to different pH values. In this section A25

and W25 are immersed in different pH solutions for a longer time (38 hours). The stability

of the coatings is evaluated by measuring the contact angle. In addition, the durability of

the coating is assessed as a function of immersion time in distilled water up to 1200 hours.

VI-3-1- Stability of an HMDSO thin film deposited on an anodized

aluminum surface immersed in different pH solutions

The variation of the contact angle of A25 during the 38 hours immersion period in
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various pH solutions is shown in Figure VI.4. These results show that for the first 8 hours

of immersion, pH values had little effect on the contact angle of A25. However, immersion

in high acid or high base solutions can decrease the contact angle to 90°. However, the

results of contact angle of the surface at higher immersion time (38 hours) presented good

resistance in weak acid or base and neutral solutions. These results show that by increasing

the deposition time, the stability of A25 improved compared to the stability of Â15.
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Figure VI.4: Variation of the contact angle of A25 at different pH values versus immersion time.

In order to evaluate the stability of A25 at pH = 7 (which corresponds to pure water)

for extended time periods, in Figures VI.5, the variation of contact angle of A25 after 1200

hours of immersion in water was studied. The contact angle decreased at three different

time steps during the 1200 hours of immersion in water. In the first step (0 to 37 hours), the

contact angle rapidly decreased from 162° to 140°. In the second step (37 to 525 hours), the

contact angle remained approximately constant, around 140°. In the final step (525 to 1200
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hours), the contact angle decreased linearly from 140° to 95°. Although a longer immersion

time caused the contact angle to decrease, the surface still remained hydrophobic (0 > 90°)

after 1200 hours of immersion in water.

ISO 300 450 6m 750 900 1050 IMQ

Immersion time (hr)
Figure VI.5: Variation of the contact angle of A25 as a function of immersion time in distilled

water.

VI-3-2-Stability of a HMDSO thin film deposited on a water-treated

aluminum surface immersed in different pH solutions

Figure VI.6 presents the variation of the contact angle of W25 during 38 hours of

immersion in various pH solutions. In the first few hours, it was discovered that the

different pH values have little effect on the contact angle of the surface. Besides5 the

surface showed a good resistance in weak acid and neutral solutions. However, at high and

weak basic and at high acidic solutions, the contact angle decreased when the immersion

time was lengthened.
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Figure VI.6: Variations of the contact angle of W25 at different pH values versus immersion time.

The coating's stability of W25 was studied as a function of immersion time in a pH7

solution for time periods beyond a day or two. Figure VI.7 shows that the contact angle

decreased linearly from 161° to 100° after 700 hours. By increasing the immersion time up

to 1200 hours, the contact angle reached 80°. Although the contact angle decreased after

1200 hours of immersion in water, the surface could still be considered hydrophobic.
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Figure VI.7: Variation of the contact angle of FF25versus immersion time in distilled water.
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VÏ-4-Ice adhesion strength results

The ice adhesion strength of different treated surfaces at different deposition time

periods is compared in Table VI.3. The results show that W25 and A25 can be associated

with reduction of the ice adhesion strength. It can be seen that by increasing plasma

polymerization deposition time, the ice adhesion strength of Al 5 was reduced from 100 kPa

to 83 kPa for A25. The ice adhesion strength of W15, however, was increased from 30 kPa

to 46 kPa for W25 (25 minutes). These low variations are not significant, and it is

concluded that the ice adhesion strength for both surfaces (W15 and W25) remains the

same.

Table VI.3: Comparison of ice adhesion strength of untreated and PP-HMDSO coated aluminum

substrates.

Name
Untreated aluminum

W25
A25

Ice adhesion strength (kPa)
350 ±25
46 ±6
83 ±5

ARF
1

7.6
4.2

VI-4-l-Stability of a PP-HMDSO coating against several icing/de-icing

cycles

In order to evaluate the longevity of the surfaces and to assess their potential outdoor

applications, their durability was studied following several icing/de-icing cycles. Ice

adhesion strength and contact angle of A25 and W25 were measured after each successive
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icing/de-icing cycle.

VI-4-l-l-Study of the stability of a PP-HMDSO thin film deposited on an

anodized aluminum surface after several icing/de-ieing cycles

The variation of ice adhesion strength of A25 after several icing/de-icing cycles is

shown in Figure VI. 8. These results show that the ice adhesion stress of A25 had a minor

increment after fifteen icing/de-icing cycles. Ice adhesion strength started from 83 ± 5 and

reached 130 ± 30 kPa. Also, it was noticed that the surface could keep its icephobic

characteristic (ARF = 2.7). These results show that the ice adhesion strength of A25 (130

kPa) is almost half that of A15' s ice adhesion strength (250 kPa) after fifteen icing/de-icing

cycles. Therefore, by comparing the results of the shear stress value of A25 after fifteen

icing/de-icing cycles (ARF = 2.7) with the results obtained for A15 (ARF = 1.4), a

significant improvement of stability against several icing/de-icing cycles can be observed.
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Figure VI. 8: Variation of shear stress of A25 versus several icing/de-icing cycles.
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Figure VI.9 shows the variation of the contact angle on a superhydrophobic surface

after several icing/de-icing cycles. The contact angle slightly decreased from 162 ± 3° to

156 ± 2° after fifteen icing/de-icing cycles. The water droplet can easily roll off the surface

as the sliding angle has remained constant, around 3°, and the/value increased slightly

from 0.059 to 0.104, after fifteen icing/de-icing cycles. It can also be assumed that the

Cassie-Baxter wetting regime is still dominant after fifteen icing/de-icing cycles on the

surface. Therefore, the increment of deposition time of a PP- HMDSO coating on an

anodized aluminum surface leads to enhanced contact angle value of A25 (156°) compared

to the contact angle value of A15 (145°) after fifteen icing/de-icing cycles.
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Figure VI.9: Variation of the contact angle versus icing/de-icing cycles for A25.

SEM images of A25 before and after fifteen icing/de-icing cycles are presented in

Figures VI.10a-b. A partial elimination of the coating is observed on some regions after

fifteen icing/de-icing cycles, see Figure VI. 10b; however, the surfaces have the same

micro-structure before and after fifteen icing/de-icing cycles. The presence of micro-
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structures after fifteen icing/de-icing cycles confirms the results of ice adhesion strength

and the contact angle measurement.

Figure VI. 10: SEM images of A25 surface a) before, and b) after fifteen icing/de-icing cycles.

The chemical composition results of A25 before and after fifteen icing/de-icing cycles

obtained by XPS analysis are summarized in Table VI.4. The presence of a carbon

component of the coating before and after icing/de-icing showed the presence of an organic

film on the surfaces. The amount of carbon and silicone groups decreased after fifteen

icing/de-icing cycles. However, the ratio of C to Si (C/Si) as a concentration of organic to

an inorganic function before and after icing/de-icing remained approximately constant

(235 ± 0.25). The results indicate that the top layer of A25 was probably removed after

fifteen icing/de-icing cycles without affecting the structure. Despite the loss of coating of

A25 after fifteen icing/de-icing cycles, the percentage of carbon of A25 over fifteen

icing/de-icing cycles (26%) is more than its value of A15 before fifteen icing/de-icing

cycles (21%). Also, the amount of C/Si ratio of A25 after fifteen icing/de-icing cycles

(2.36) is more than A15 before fifteen icing/de-icing cycles (1.5). The information obtained

from the XPS analysis complements the results obtained from the SEM images, the contact
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angle and ice adhesion strength measurement of A25 after fifteen icing/de-icing cycles.

Table VI.4: The elemental composition of A25 before and after fifteen icing/de-icing cycles by XPS

measurements.

Surface A25
Before icing/de-icing
After icing/de-icing

C
42
26

Si
20
11

O
34
43

Al
4
20

In order to have a better understanding of the structure of Cls peak of A25, a high-

resolution XPS measurement is carried out. Figures VI.lla-b shows the high resolution of

Cls (285 eV) spectrum of A25 before and after icing/de-icing cycles. It should be noted that

the three peaks show the concentration of carbon groups on the surface ((CH3)X-Si-O9 C-C?

C-O). Figure VI.lia indicates a high concentration of methyl groups ((CH3)X-Si-O about

25%) on A25 surface before fifteen icing/de-icing cycles. The percentage of the function

decreased to 12% after fifteen icing/de-icing cycles, as shown in Figure 6.1 lb.
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Figure VI. 11 : XPS High resolution spectrum of Cls of A25 a) before icing/de-icing cycles
and b) after fifteen icing/de-icing cycles.
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VI-4-1-2- Study of the stability of a PP-HMDSO coating deposited on a

water-treated aluminum surface after several icing/de-icing cycles

In Figure VI. 12, the shear stress of W25 after fifteen icing/de-icing cycles shows an

increase from 46 ± 6 kPa (ARF = 7.6) to 150 ± 26 kPa (ARF = 2.3), nonetheless it keeps its

icephobic properties after fifteen icing/de-icing cycles. It should be noted that before the

increase of the deposition time, the water-treated surface (W15) also had a good stability

after several icing/de-icing cycles.
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Figure VI. 12: Variation of shear stress versus icing/de-icing cycles for W25.

The variation in contact angle of W25 after several icing/de-icing cycles is shown in

Figure VI. 13. The results clearly demonstrate that the contact angle of W25 varies little,

from 161 ± 3° to 152 ± 4°, after fifteen icing/de-icing cycles. The water droplet can easily

roll off the surface as the sliding angle has increased slightly from 2° to 3° and the f value
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rises slowly from 0.080 to 0.141 after fifteen icing/de-icing cycles. It can also be assumed

that Cassie-Baxter wetting regime is still dominant on the surface of W25 after fifteen

icing/de-icing cycles.
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Figure VI. 13: Variation of the contact angle of W25 versus icing/de-icing cycles.

Figure VL14a-b shows the chemical composition of W25 before and after fifteen

icing/de-icing cycles obtained by a FT-IR spectrum. The presence of methyl groups as a

hydrophobic function of the surface was observed after fifteen icing/de-icing cycles. The

FT-IR results confirm the results of the contact angle measurements and the adhesion

strength of the superhydrophobic W25 after fifteen icing/de-icing cycles.
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Figure VI. 14: FT-IR spectrum of W25 a) before and b) after fifteen icing/de-icing cycles.

VÏ-5- Study of anti-corrosion properties of superhydrophobic surfaces

Corrosion is considered a major problem in many industries. Since corrosion can lead

to unexpected failures that can be costly in terms of repair costs, environmental damage,

and potential harm to humans beings, many researchers have studied various techniques to

improve corrosion resistance. Superhydrophobic coating is one of the methods used to

protect the corrosion of surfaces. Xu et al. [158] showed that the polarization current of a

superhydrophobic coating was reduced by two order of magnitude after one hour of

immersion in 3.5% sodium chloride solution.

In this section, the corrosion behavior of the PP-HMDSO coating deposited on

anodized aluminum is studied. The degree of corrosion resistance of a superhydrophobic

surface was compared with aluminum alloy 6061 and anodized aluminum surfaces.

Potentiodynamic polarization was carried out to compare the corrosion behavior of
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untreated aluminum, anodized aluminum, and superhydrophobic aluminum surfaces

(Figure VI. 15). Results show that the corrosion potential (Ecorr) of untreated aluminum is

around -756 mV with corrosion current of 1.48 x 10"6 A (Figure VI. 15a). After anodizing

the surface, the corrosion potential value has increased to -663 mV and current has

decreased to 2.2 x 10~7 A, as displayed in Figure VI. 15b. This result indicates that the

anodization method leads to an improvement of corrosion resistance [106]. The PP-

HMDSO coating deposited on anodized aluminum as a superhydrophobic coating leads to

the potential corrosion shift in a positive direction at -225 mV with a low current of 1.2 x

10~7 A (see Figure VI. 15c). These results show that the corrosion current density of a

superhydrophobic coating decreased by one order of magnitude as compared to an

untreated aluminum surface.
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Figure. VI. 15: Potentiodynamic polarization curves of a) aluminum alloy 6061, b) anodized
aluminum and c) superhydrophobic surface for 24 h in 3.5% NaCl (seawater).
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According to the results of the polarization resistance technique, the values of the

corrosion potential (Ecorr)? corrosion current (ICOrr), and polarization resistance (Rp) of

untreated aluminum, anodized aluminum, and the PP-HMDSO coating on an anodized

aluminum are summarized in Table VI.5.

Table VI.5: Comparison of corrosion parameters on aluminum alloy, anodized aluminum and

superhydrophobic surface.

Type of surface
Aluminum alloy 6061
Anodized aluminum

Superhydrophobic surface

Ecorr (mV)
-756
-663
-225

Icorr (A)
1.48xlO"6

0.22xl(T7

0.12xl0"7

Rp (kQ)
16
159
265

The results reveal that the polarization resistance of untreated aluminum is around 16

kQ. By anodizing the aluminum surface, the polarization resistance has increased ten times

more than on untreated aluminum. The polarization resistance of a superhydrophobic

surface is 16 times more than that of untreated aluminum and 1.7 times more than anodized

aluminum. Hence the PP-HMDSO coating is proven protection for the aluminum substrate.

VI-6-Conclusion

In order to improve the stability of the PP-HMDSO coating, deposition time was

increased from 15 to 25 minutes. By increasing deposition time, the thickness of the coating

was increased as well. The XPS analysis showed an increase in the hydrophobic functional

group on the coated substrate. In addition, the wettability of Â25 remained approximately

constant when compared to surface A15, whereas a sliding angle was improved from 8 ° to
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3°. However, the wettability of W25 is similar to that of W15.

The durability of A25 and W25 was studied under a variety of conditions such as UV

exposure, immersion in different pH solutions, and successive icing/de-icing cycles. These

results indicated that A25 and W25 have a good resistance for up to 537 hours of UV

exposure. In addition, A25 and W25 kept their hydrophobicity after 740 hours of immersion

in a pH7 solution.

Under atmospheric icing conditions, the icephobic properties of A25 were improved

by which the ARF is 4.2 times more than of untreated aluminum surface. Additionally, on

A25 there was some partial removal of PP-HMDSO coating as shown by the XPS analysis.

After fifteen icing/de-icing cycles, it kept its surface morphology (SEM images) and it was

still superhydrophobic with icephobic properties (ARF = 2.7). Besides, the result of ice

adhesion on W25 showed that it still had good stability after fifteen icing/de-icing cycles.

Finally, the corrosion measurement analysis showed that the anodization method

improved the corrosion resistance of untreated aluminum up to 10 times, while the

superhydrophobic surface improved corrosion resistance up to 16 times and 1.7 times more

than for an untreated aluminum surface and anodized aluminum surface, respectively.
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CHAPTER VII

CONCLUSIONS AND FUTURE WORKS

VII-1- Conclusions

The work described in this thesis concerned the development of a stable

superhydrophobic coating with icephobic properties by using a low-pressure plasma

polymerizing process. Superhydrophobic surfaces were achieved by the creation of a

micro/nano rough surface, using anodization and boehmite methods followed by a coating

of low surface energy materials. The influence of voltage and time in anodization technique

as well as immersion time in boehmite technique was optimized by contact angle

measurement.

Also, plasma processing parameters had been optimized by the Grey-based Taguchi

method to minimize the number of experiments and, subsequently, optimize the conditions
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in order to have high contact angle and low contact angle hysteresis. Additionally, the order

of importance of the controlling parameters was obtained. The results indicated that the

distance from the monomer inlet contributed the most to overall water repellency. The input

plasma power and deposition time also provided a fairly large contribution to the plasma

polymer coating hydrophobicity. On the other hand, the monomer flow played a minor role

on the water repellency of the coating.

The durability of plasma-polymerized coatings was studied under natural conditions

such as UV degradation, immersion in different pH solutions and, after several icing/de-

icing cycles. The results showed that the stability of A15 and W15 were maintained against

UV degradation after 240 hours, since they kept superhydrophobic properties (contact angle

~ 150°). Besides, the superhydrophobic coatings were stable after 740 hours of immersion

in distilled water. Furthermore, the superhydrophobic coating can reduce the ice adhesion

strength of an aluminum surface 3.5 and 11.6 times (A15 and W15 respectively), compared

with a hydrophobic coating on which ice adhesion strength was reduced only 1.4 times

more than untreated aluminum. The durability of A15 and W15 was studied after fifteen

icing/de-icing cycles. Although the shear stress of A15 increased after fifteen icing/de-icing

cycles, it kept its icephobic properties (ARF = 1.4). The SEM and AFM images of A15

after fifteen icing/de-icing cycles showed the important variation of surface morphology

and the reduction of surface roughness. W15 retained a good stability after fifteen icing/de-

icing cycles. The XPS analysis and AFM images of W15 confirmed the presence of CH3

groups (as a hydrophobic function groups) and the same micro-nano structure of roughness

after fifteen icing/de-icing cycles.
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In order to improve the stability of the plasma polymerized HMDSO coating, the

deposition time was increased. By increasing the deposition time, the thickness of the

coating was increased from 5 to 18 nm. Also, the percentage of hydrophobic Si-CH3

functional groups on the surface was increased through this extension the deposition time.

The results of the contact angle and the sliding angle measurements showed that by

increasing the deposition time, the sliding angle of A25 was less than the sliding angle of

A15, while they kept the same static contact angles. Superhydrophobic A25 demonstrated

good stability against UV degradation after 537 hour of UV exposure; it continued to show

presence of hydrophobic properties (contact angle - 90°) of A25 after 1200 hours of

immersion in distilled water. The shear stress of A25 increased slightly from 83 kPa to 130

kPa after fifteen icing/de-icing cycles. The superhydrophobic properties of A25 (contact

angle~156°) and its icephobic properties (ARF = 2.7) showed good stability after fifteen

icing/de-icing cycles. W25 had good stability after fifteen icing/de-icing cycles as, was

confirmed by the results of contact angle measurement and FT-IR analysis.

Finally the plasma polymerized HMDSO coating as a superhydrophobic coating also

improved the corrosion resistance of the aluminum surface in addition to improving its ice

repellency.

VII-2- Future works

- Since that the fluorocarbon precursor has a good adhesion to different substrates

with relatively inert surfaces that have extremely low free energy and the low friction
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coefficient. Also the Polytetrafluoroethylene (PTFE) was shown as one of the best

fluorocarbon polymers due to its low electrical permittivity of ~2.1, low surface energy and

chemical stability. Therefore, the use of a fluorocarbon precursor is a worthy object of

study in order to compare it with the results of the organosilicon precursor used in this

thesis.

- Performing some tests under natural conditions would contribute great originality in

this study, because of all experimental tests were conducted in the laboratory by controlling

the different parameters;

- Study the physico-chemical variation of different surfaces: untreated aluminum,

anodized aluminum, and water-treated aluminum, successive icing/de-icing cycles. In this

study we found that the under-lying structure can affect the stability of coating.

- Study the influence of the liquid water content, temperature, wind speed and droplet

size on adhesive ice on a surface in order to accumulated different type of ice.

- Make additional experimental tests to better understand the process of ice accretion

on these surfaces subjected to an electric field. This study does not take into account the

presence of an external electric field during the accumulation of ice on our different

samples. However, it was found that the amount of ice accumulated and its density depend

on the intensity and polarity of the applied voltage. Moreover, in the presence of an

external electric field, additional charges will accumulate more proten fillers present in the

glaze ice.
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- According to the preliminary results obtained in the study of corrosion resistance of

a PP-HMDSO coating, it is suggested to use the design of experiment technique to optimize

plasma processing parameters to observe the effect of superhydrophobic properties and

anti-corrosion of a plasma polymerization coating simultaneously.

- In this study, the durability of the superhydrophobic coating based on measuring the

contact angle was studied against immersion in various pH solutions. Also, it was shown

that the superhydrophobic surface, which was created by PP-HMDSO coating, led to

improving the corrosion resistance of the aluminum surface. Therefore, advanced studies

are proposed concerning the corrosive properties of different pH solutions on a

superhydrophobic surface.
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