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1. Introduction

1.1 The icing problem

Cold countries subjected to extreme weather conditions are often victims of

winter disasters. Atmospheric icing happens when the surfaces of exposed structures are

subjected to contact with super-cooled water drops or snow particles. For instance,
overhead transmission lines and their substations can be subjected to ice accumulations
for an extended period of time each year [1]. This may cause mechanical damage to
power network equipment, while ice and wet snow accumulation can considerably reduce
the electrical performance of outdoor insulators [2]. Flashover on ice-covered insulators
is a very complex phenomenon which causes damage to insulators and reduces their
lifetime [3-5]. Ice can be formed in dry or wet atmospheric conditions, accumulating on
insulator surfaces from freezing rain, freezing drizzles, in-cloud icing, icing fog, wet

snow or frost, and strongly adhering to any surface [6].

Ice and wet snow can cause severe trouble due to their high adherence to both
metallic and insulating surfaces. Prevention of ice accretion on surfaces requires
reduction of adhesion strength between ice and subjected surface. Over the past decades,
researchers have tried to improve on so-called de-icing methods such as thermal,
mechanical and chemical methods to remove the ice/snow build-ups that are currently in

use.


http://www.rapport-gratuit.com/

1.2 Ice accumulation prevention

Currently, de-icing techniques such as chemical, mechanical and thermal de-icing
are applied extensively without fully preventing ice-accumulation. Among these
techniques one can cite freezing-point depressants for highways (salt, chemical sprays,
etc.) [7] and de-icing fluids for aircraft (ethylene and propylene glycols) [8]. Although
very efficient, the main disadvantage of the de-icing methods is that they must be used
after ice build-up and thus during a period when damage can still occur on accumulated
ice structures. The other disadvantages of de-icing methods are: frequency of application,
significant negative environmental impacts (toxicity) and cost. Other methods,
specifically applicable to transmission lines, such as mechanical vibration of cables, Joule
heating of the conductors [7] and electrolysis [9], are effective but consume a
considerable amount of energy and require surveillance of the lines and on-site
intervention. Moreover, mechanical de-icing can lead to surface damage resulting in the
gradual degradation of the system itself. None of the above-mentioned techniques
prevents ice from creating or accumulating in the first place. Preventing ice accumulation
or reducing significantly its adhesion force may be accomplished by producing anti-icing
or icephobic coatings and therefore by using an anti-icing approach [10-13]. Recently,
several coatings for such applications have been tested and reported. Polymers with low
critical surface tension such as organopolysiloxane and polytetrafluoroethylene (Teflon®)
were examined. These coatings produced very low run-off water contamination and

demonstrated a significant reduction of ice adhesion [14].



Super-hydrophobic coatings with a small value of contact angle hysteresis
showed a remarkable reduction of ice adhesion strength [15]. Reduced ice adhesion on
the super-hydrophobic surfaces developed by the CIGELE research group using different
techniques was reported [16-23]. To prepare the super-hydrophobic coatings, generally a
common two-step (and therefore disadvantageous) processes were used: surface
roughening followed by applying a low surface energy material. Also, the rough
structures created on the coating can be damaged and removed during icing/de-icing tests
[24]. This can be considered as another important disadvantage for super-hydrophobic

coatings.

1.3 Originality of the research work

Chapter 2 describes in more detail, a number of studies (some of them were cited
in the previous section) that were focused on the preparation of hydro- and super-
hydrophobic coatings and thin films, in order to reduce ice adhesion and thus facilitate
ice removal. Much research has been conducted so far on these coatings’ characteristics,
properties, performance, etc. However, the super-hydrophobic coatings have
disadvantages related to preparation, cost, application and rough structure damage during
icing/de-icing. The originality of this research is that it is focused on the preparation of
heterogeneous coatings (HCs) with icephobic properties. The low surface energy HCs on
a metallic substrate such as aluminum have not yet been systematically studied and well
characterized. Indeed, the literature available in this field is very rare [25-27]. These

studies in addition focused on heterogeneous polymer coatings or copolymers including



hydrocarbons and fluorocarbons. Therefore, the purpose of this research work is
preparation of HCs by using different techniques other than those applied and reported in
literatures. More precisely, the fabrication of HC by different methods such as self-
assembly, nanoparticles-based and Plasma-based techniques, as well as their hydro- and
icephobic properties and performance in different conditions, have not been studied so
far. This study would help to further understand the heterogeneity effect on icephobic
properties of coatings. The HCs introduced in this study, indeed, were cheap, simple to
prepare and easy-to-apply when compared to those applied and reported in literatures
[25-28]. These types of coatings are attractive alternative for the currently well-studied
homogeneous coatings, as they show lower values of ice adhesion as compared to
homogeneous ones (detailed in the following chapters). Basically, by using
heterogeneous coating, the ice structure directly in contact with the surface is disrupted,
because water molecule orientation depends upon the material’s nature, and consequently
the ice adhesion force can be drastically reduced [26, 28]. Compared to the common two-
step preparation process to fabricate SH coatings (surface roughening followed by
applying low surface energy material), HCs have a number of advantages, such as simple
preparation, easy application and low cost [28]. The other important advantage which can
be considered for HCs is that the rough structures on homogeneous coatings created to
prepare super-hydrophobic can be damaged and removed during icing-de-icing tests.
However, in the case of HCs, by disrupting hydrogen binding between ice and the coated

surface, the ability of the ice to adhere to the surface will be reduced [26].



1.4 Objectives

The present research proposes the use of chemically heterogeneous and low
surface-energy coatings having higher icephobic properties than those of homogeneous
coatings. Homogeneous coatings are considered here to include either hydrocarbons or
fluorocarbons. The literature available on heterogeneous polymer coatings or copolymers
including hydrocarbons and fluorocarbons is rare [25-27]. The main goals of this research
work are the first preparation of HCs by using techniques other than those reported in the
literature and the second in studying the icephobic properties of HCs. Three different
methods and strategies to study the effect of heterogeneity were adopted to prepare HCs

on aluminum surfaces as follows:

(i) Deposition of homo- and heterogeneous self assembled monolayers (SAMs) on the
aluminum alloy surfaces;

(ii) Preparation of homo- and heterogeneous nanoparticles coatings on the aluminum
alloy surfaces;

(iii) Fabrication of homo- and heterogeneous plasma sputtering coatings through

masks on the aluminum alloy surfaces.

Finally, the durability and stability of homo- and HCs prepared by the three
different methods mentioned above are studied against several extreme environmental
conditions such as: several icing/de-icing cycles, immersion in various pH solutions and

UV-degradation.



In order to assess such coatings, their hydrophobic and icephobic behavior will be
studied using contact angle (CA) and contact angle hysteresis (CAH) measurements and
centrifugal adhesion tests (CAT). Morphological, chemical, stability and durability

characterizations will be performed on the different samples.

1.5 QOutline of the Thesis

The thesis is ordered in eight chapters as follows:

» Chapter 1 presents a summary of icing problems and a short introduction to the
prevention of ice accumulation in addition to a general introduction of this research work

including the motivation for this work and objectives.

» Chapter 2 presents a review of the available literature and background studies on
hydrophobicity, superhydrophobicity and icephobicity. This chapter also provides a

summary of previous studies on heterogeneity, which should be of help to the reader.

» Chapter 3 explains the experimental procedures for preparing the homo- and HC
characterization methods. It furthermore describes the facilities and techniques used for
characterizing the prepared coatings, e.g. Contact Angle Goniometer, Atomic Force
Microscope (AFM), profilometry, Centrifuge Adhesion Test Machine, Scanning Electron
Microscope (SEM), Energy-Dispersive X-ray Spectroscopy (EDS), X-ray photoelectron

spectroscopy (XPS), and so on.

» Chapter 4 describes the experimental results obtained on the prepared homo- and
heterogeneous SAMs coatings in terms of hydrophobic properties and surface

characterizations, e.g. morphological and chemical analysis.



* Chapter 5 presents the results of the wettability behavior study on homo- and
heterogeneous nanoparticles coatings on aluminum substrates as well as surface

characterizations.

* Chapter 6 provides the results obtained concerning the hydrophobic properties and
surface characterizations on coated sample of homo- and heterogeneous plasma coatings

through a mask.

* Chapter 7 provides the results obtained on the homo- and HCs prepared by three
methods in terms of icephobicity. In the meantime, the durability of homo- and HCs are
discussed in terms of several icing/de-icing cycles, immersion in various pH solutions
and UV degradation. The contact angle values as a function of icing/de-icing number
after each icing/de-icing cycle on the coated samples are also discussed in detail in this

chapter.

* Chapter 8 includes general conclusions and recommendations for future studies based
on this research work including the obtained results and their discussion.

Finally, the references cited in this thesis are presented at the end.
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2. Introduction

Atmospheric icing on equipment may impact its operation, diminishing safety and
productivity. A number of new technologies and modern versions of old technologies
have been used successfully to minimize icing in the electric power industry and ground
transportation systems. In this chapter, we will briefly review hydrophobicity and
superhydrophobicity, showing the anti-icing properties developed with different
techniques. After that, preparation of HCs with hydrophobic properties will be introduced
and their hydrophobicity and icephobicity will be compared to homogeneous coatings. In
addition, a review of the research on the influence of HCs in the improvement of

hydrophobic and icephobic surfaces will be presented.

2.1 A brief review of hydrophobic and super-hydrophobic properties

2.1.1 Hydrophobicity and contact angle

A hydrophobic surface is the water repellent surface, in contrast with a
hydrophilic surface that is easily wetted [29]. The tendency to wet the surface can be
determined by way of contact angle measurements that the surface of a liquid drop makes
with the solid surface [30]. Young and Laplace found out that each surface has a specific
energy because the surface atoms or molecules of liquids or solids have fewer bonds with
neighboring atoms. Therefore, they have higher energy than similar atoms and molecules

in the interior [31]. This additional energy is characterized quantitatively by the surface

tension or free surface energy J . The unit of 7 isJ m? or N m' and it can be
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interpreted either as energy per unit surface area or as tension force per unit length of a
line at the surface.
When a liquid droplet is placed on a solid surface, the liquid and solid surfaces
come together under equilibrium at a characteristic angle called the static contact angle 6,
(Fig.2.1).
smooth sarface

—
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Fig.2. 1. Schematic of liquid droplet in contact with a smooth solid surface (contact
angle, &).

These surface energies come from the solid, liquid, and solid/liquid interfaces

[31]. The well-known Young equation for the contact angle is obtained:

(7/sv _7/5|_)
YLv

Coso, = (2.1)

Where,

- 7, - Surface energy of solid/vapor (N/m)

- 74 - Surface energy of solid/liquid (N/m)
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- 7, - Surface energy of liquid/vapor (N/m)

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

The contact angle (CA, 6p) is the macroscopic indicator of the surface energy
balance and the equilibrium of surface energy can determine the entire shape of a droplet

on a solid. The wetting phenomenon is normally described as a contact angle (6o) of the
[0] o]
specific surface, i.e., o > 90 as hydrophobic surface; 6y < 90 as hydrophilic surface.

0
Greater contact angles, preferably 6, > 150 , indicate super-hydrophobicity and self-

cleaning abilities (Fig. 2.2) [32].

Direction of Travel

Fig.2. 2. The cleaning mechanism on hydrophobic (a) and super-hydrophobic
surfaces (b).
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2.1.2 Superhydrophobicity and roughness

A super-hydrophobic surface is one that repels water to such an extent that the
contact angles obtained are extremely high; they are generally defined as surfaces with
water contact angles above 150° [33]. Several example of super-hydrophobic surfaces are
observed in nature, for instance, the lotus plant (or Nelumbo nucifera), which also
demonstrates the self-cleaning properties [34]. Figure 2.3 shows some examples of super-
hydrophobic surfaces in nature [35]. The leaf of the lotus plant with properties is known
to be super-hydrophobic and self-cleaning due to hierarchical roughness and the presence
of a hydrophobic wax coating. The static contact angle value of a Lotus leaf is about 164°
[36]. The water droplets on the leaves remove any contaminant particles from their
surfaces when they roll off, leading to self-cleaning [35, 37-42]. (Fig. 2.3a).

Pond skaters (Gerris remigis) have the ability to stand and walk upon a water
surface without getting wet (Fig. 2.3b). Gao and Jiang [43] showed that the special
hierarchical structure of the pond skater’s legs, covered with cuticle wax, makes the leg
surfaces super-hydrophobic. It is responsible for the water resistance, and enables them to

stand and walk quickly on the water surface (Fig. 2.3b).

@)

Fig.2. 3. Montage of some examples from nature: (a) Lotus leaf surface, and (b)
pond skater walking on water [35].

One of the ways to increase the hydrophobic or hydrophilic properties of a surface
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IS to increase surface roughness, so roughness-induced hydrophobicity or hydrophilicity
has become the subject of extensive investigations [44]. Wenzel [45] suggested a simple
model predicting that the contact angle of a liquid with a rough surface is different from
that with a smooth surface. The Wenzel regime is defined by equation (2.2) for the

contact angle on a rough surface:

Cos@'=bCosé (2.2)

where:

- @' : Apparent contact angle (°)
- b : Roughness factor

- # : Contact angle of flat surface (°)

The Wenzel model describes that a hydrophobic surface with increasing
roughness becomes even more hydrophobic, while a hydrophilic surface with increasing

roughness becomes more hydrophilic [46].

Cassie and Baxter [47] showed that a gaseous phase including water vapor or air
may be trapped in the cavities of a rough surface, resulting in a composite solid-liquid-air
interface, as opposed to the solid-liquid interface. These two models describe two
possible wetting regimes or states on rough surfaces: Wenzel and Cassie-Baxter regimes
(Fig. 2.4). The Cassie-Baxter model is characterized by a large contact angle and a very

small contact angle hysteresis.
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Fig.2. 4. Schematics of configurations described by the (a) Wenzel regime and

Cassie—Baxter regime with air pockets [47].

In the Cassie-Baxter model [47], the contact angle values are determined by the

fractions of solid and air facing the drop. Equation (2.3) describes the Cassie-Baxter

model:
Cosé'= f.(Cosd+1) -1

where:

- @' : Apparent contact angle (°)

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

- 0 : Contact angle of flat surface (°)
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Numerous super-hydrophobic materials have been produced using a range of
chemical and physical methods on rough surfaces. For example, a contact angle value of
160° was found using PECVD of fluoroalkylsilanes on an aluminum surface [49]. The
combination of high surface roughness with the low-energy surface of FAS molecules
(CF5-(CF,)7CH,CH,Si(OCHg3)3) gives a contact angle value of 158° [50]. A contact angle
value of 162° (with CA hysteresis less than 2°) was obtained after being modified with

octadecyltrichlorosilane (ODTS) [51].

2.2 lce accumulation and types of ice

Ice accretion can be defined as any process of ice build-up and snow accretion on
the surface of an object exposed to the atmosphere. For power transmission and
distribution lines, the built-up ice causes the mechanical and electrical damage or
flashover on the insulators. Types of accreted ice depend on wind speed, super-cooled
water droplet size, compressive strength, air temperature and properties of the objects
being hit by droplets [52]. The freezing process of a water droplet may be accelerated by
presence of any substance that can act as a freezing nucleus, which makes possible the
growth of an ice crystal on itself. Two sources of atmospheric ice accretion are

recognized, according to their methods of deposition:

(2) In-cloud icing happens where super-cooled water droplets are sufficiently
small to remain suspended and contact with the surface results from air movement. This
usually is the case with aircraft flying through clouds or on equipment installed at high

altitudes [52]. The ice formed could be hard rime, soft rime, but sometimes glazes. The
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ice growth in different types of rime is called dry icing. When the water flux increases,
the droplets do not have the required time to freeze before the next impinge, hence the ice
growth will tend to be wet. Dry icing usually results in different types of rime containing
air bubbles, while wet icing always forms glaze ice which is solid and clear (Fig. 2.5c).
The maximum amount of accreted ice on an object depends on several factors. The most
important factors are air temperature, relative humidity, and the duration of ice accretion.
However, major preconditions for significant ice accretion are the dimensions of the

object exposed and its orientation to the direction of the icing wind.

(2) Precipitation icing occurs when the droplets are massive enough to fall from
the atmosphere onto an accreting surface. In other words, precipitation icing may happen
when a warm layer of air (temperature > 0 °C) is trapped between two layers of cold air
(temperature < 0 °C) during freezing rain. Precipitation icing can occur anywhere
regardless of altitude. This type includes freezing precipitation and wet snow.

Precipitation icing generally gives rise to glaze ice accumulations.

Glaze ice forms when droplets striking a surface have sufficient time prior to
freezing to flow in a continuous film (Fig. 2.5c). Glaze is caused by freezing rain,
freezing drizzle or wet in-cloud icing and usually causes smooth evenly distributed ice
accretion. Glaze often forms a hard, nearly homogeneous ice layer having the highest
density approaching 0.917 g cm?, that of bubble-free ice [53]. As well, it conducts
electricity more easily, and therefore is more risky for the performance of electric

networks.
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Rime forms tiny coatings on snow crystals or enormous accumulations up to
several meters thick on terrestrial objects and is the most common type of in-cloud icing.
The lower temperatures usually create hard rime or soft rime (Fig. 2.5 a and b).
Depending on meteorological conditions, rime accretions can be dense, compact masses,
feathery surfaces, or slender, needle-like spikes. Rime grows into the prevailing wind and
is a reliable indicator of wind direction during icing events [54]. The accretion rate for
rime varies on dimensions of the exposed object, wind speed, liquid water content in the

air, water drop size and air temperature.

Soft rime forms when the super-cooled droplets freeze quickly upon deposition
(Fig. 2.5a). The deposit often has an opaque white, porous, and fluffy appearance. Soft

rime has a density of less than 0.6 g cm™ [55].

Hard rime forms when the rate of latent heat loss is relatively low, allowing “wet
growth” whereby some flow of the droplets occurs before complete freezing (Fig. 2.1b).
Hard rime is generally milky or translucent in appearance, depending upon the amount of

air trapped within the ice structure. Its density ranges from 0.6 to 0.9 g cm™.

Although meteorological conditions associated with the formation of glaze and
rime have been investigated, due to the complexity of the phenomenon, geographic
differences and monitoring disparities, a wide range in conditions has been reported in

table 2.1.
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Fig.2. 5. (a) Soft rime, (b) hard rime ice and (c), glaze ice.

Table 2. 1. Summary of some field observations of natural icing [56-58].

Meteorological variable and/or range

Ice condition

Air temperature -5 to -14 °C

Rime most frequent

Air temperature 0 to -4 °C

Observer-reported icing most frequent

Air temperature blow 1°C with low wind

Hard rime common

Air temperature < -5 °C and wind > 5 ms

Soft rime common

Wind speed and event duration

Positively correlated with amount of ice

Air temperature -2 to -3 °C

Optimum for hard rime

Air temperature -14 to -15 °C

Optimum for soft rime

Air temperature 0 to -6 °C

Accretion rates greatest

Air temperature -2 to -3 °C

Intensity of accretion greatest

Air temperature -3 to -6 °C

Frequency of rime events greatest

Wind speed increases

Rime growth intensity increases

Wind speed 1 to 10 ms™ , air temperature -1 to

o Soft rime
10°C
Wind speed 3 to 15 ms™ , air temperature -2 to -
0 Hard rime
-8°C
Wind speed 2 to 20 ms™ , air temperature 0 to
Glaze

-3°C

19




2.3 Review of the literature on hydro- and icephobic coatings

2.3.1 Hydro- and icephobic SAMs coatings

In order to develop icephobic coatings, various groups of materials or surface
treatments can be considered. In this section we focus on the introduction of self-
assembled monolayers (SAMs) and their hydro- and icephobic properties. It is possible to
alter the surface energy of surfaces by an appropriate surface coating as thin as a few
layers of SAMs molecules with -CHj3 or -CF3 groups oriented outward to the ice surface.
Deposition of self-assembled monolayers is one of the most successful approaches to
hydrophobization of hydrophilic surfaces [59-61]. Such molecules usually have a polar
unit at one end (head) and a non-polar long saturated hydrocarbon chain on the other end
(tail) such as -CH3 or -CF3 groups oriented outward from the coating surface. A typical
example is stearic acid (see Fig. 2.6). The performance of this treatment has been tested
on a number of metal and alloy substrates including aluminum and aluminum alloys,
various steels, copper and copper alloys, brass, zinc, and several automotive and aircraft
alloys. A widely used class of SAMs is based on n-alkyltrichlorosilane or n-
alkyltrialkoxysilane molecules which through a combined process of adsorption,
hydrolysis and polymerization can lead to spontaneously assembled and organized
alkylsiloxane monolayers at oxide surfaces such as Al,O3, SiO,, SnO,, etc. [62, 28, 64-

65].
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Fig.2. 6. Chemical structure of stearic acid molecule.

Figure 2.7 shows an organosilicon type of anchoring group where -CHj; or -CF;
groups are oriented outward from the surface. Silane groups are covalently bonded to the
oxygen of the Al,O3 surface layer present at the aluminum surface. By its covalent nature
this bonding makes the anchoring of the alkyl chain very strong and the overall
deposition technique is easy to apply and reasonably priced [62]. Both static and dynamic
contact angles of SAMs coated surfaces are strongly affected by the well ordered of self
assembly of fluoroalkylsilane or alkylsilane molecules [59, 64, 66]. Fabrication of self-
assembled monolayers (SAMs) coatings is one of the most successful approaches to
chemical modification and hydrophobization of many hydrophilic surfaces [59].
Dimethyl-n-octadecilcholorosilane (DMOCS) provided a hydrophobic surface to a 6061
aluminum alloy. The tensile strength of the ice\DMOCS interface at -10 °C was found to
be 131MPa which is lower than for as-received Al surfaces (274 MPa) and surfaces
prepared with chemical and mechanical polishing (181 MPa) [66]. The contact angles of
the substrates modified with self-assembled monolayers are 107° for dodecanethiol and
110° for octadecyltrichlorosilane (OT), respectively [67]. The formation of

Octadecylphosphonic acid (OPA) SAMs on a titanium substrate showed the water
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wettability of 110° which suggests that the well ordered homogeneous OPA layers are
present on the titanium substrate [68]. The contact angle values of water droplet on
monolayers of Octadecanehydroxamic acid, Stearic acid, Octadecanephosphonic acid,
16-Hydroxyhexadecanehydroxamic acid, and Octadecanethiol on Al substrates showed
contact angles of 111.93° 110.83° 113.83° and 72.36°, respectively [69]. Water contact
angle values of untreated Si (no coating) and Si treated using OD, FAS-3, and FAS-17
were, respectively, 68° 101°, 77° and 106°. Freezing temperatures of super-cooled

droplets were -16.3 °C, -19.9 °C, -22.4 °C, and -22.7 °C for the respective surfaces [70].

R ) Surface group

R
i % % ) Spacer group

—Si_0—si —0—§ji_0—

o 0
Al 2 03 0 ) Anchoring groupy

Al

Fig.2. 7. Schematic presentation of SAMs grafted onto an aluminum substrate.

2.3.2 Hydro- and icephobic nanoparticles coatings

In this section the hydro- and icephobic properties of various nanoparticles
incorporated in polymer coatings are reviewed. There is extensive research on
nanoparticles incorporated in polymers such as RTV silicon rubber coatings with TiO»,
CeO; and carbon black, respectively [16, 71]. The adhesion reduction factor (ARF) value

of 1 wt. % of CeO, nanoparticles incorporated in RTV silicon rubber coatings was 7
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times lower on this coating than with bare aluminum [72]. A preparation of nanoparticles
incorporation (SiO, and CaCQOs) in stearic acid coatings by spraying gave contact angle
and CAH values of 160° and 3°, respectively [73]. For the meantime, the results showed
that the super-hydrophobic surface became rather hydrophobic at super-cooled
temperatures (-10 °C). Super-hydrophobic micro-patterned aluminum surfaces were
created by chemical etching that it was shown a water contact angle as high as 164 + 3
with a contact angle hysteresis as low as 2.5+1.5" on rf-sputtered Teflon-coated etched
aluminum substrates [74]. A thin nanostructured silver film with stearic acid
demonstrated water contact angle as high as 156° and contact angle hysteresis as low as
5° [75]. A simple method to elaborate fluoro-alkyl-terminated nanostructured
superhydrophobic surfaces was provided by depositing a layer of FAS-17 on etched
AA2024 surfaces in hot water, which showed good superhydrophobic and self-cleaning

properties [76].

2.3.3 Hydro- and icephobic plasma coatings

Plasma-assisted deposition of thin fluorocarbon, organosilicon and hydrocarbon
coatings have also resulted in hydro- and icephobic surfaces [77-79]. A hydrophobic
layer was coated on the nanotextured surfaces by means of either the low-temperature
CVD or the PECVD [80]. The surface-modified showed ultra water-repellency with
water contact angles greater than 150° [80]. The created nanostructured patterns on
aluminum alloy surfaces by immersion in boiling water, coated with RF-sputtered

polytetrafluoroetylene demonstrated a high static CA (164°) and low CAH (~4°) [81]. A

treated Teflon film with oxygen plasma became a super-hydrophobic surface with a
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contact angle value of ~ 168° [82]. A poly (ethylene terephthalate) (PET) substrate with
selective oxygen plasma etching followed by plasma-enhanced chemical vapor
deposition using tetramethylsilane (TMS) as a precursor produced a transparent super-

hydrophobic surface [83].

2.4 Hydro- and icephobic heterogeneous coatings (HCs)

In the previous sections the hydro- and icephobic coatings prepared via SAMSs,
incorporated nanoparticles in polymers, and plasma methods, were reviewed. It was
observed that the prepared coatings by the three methods mentioned above included
hydrocarbon or fluorocarbon functions named as homogeneous coatings. However, the
low surface energy of HCs or surfaces including both hydrocarbons and fluorocarbons
have drawn less attention. These types of coatings are a very attractive alternative
because they show lower ice adhesion as compared to homogeneous coatings. Basically,
using HC the ice structure directly in contact with the surface is disrupted, because the
orientation of water molecules depends upon the nature of the material, and consequently
ice adhesion force can be reduced. Three important articles close to this work have been
published in the field of heterogeneous polymer coatings, where the authors tried to
decrease ice adhesion by applying a HC [25-27]. For instance, two different
heterogeneous polymers, polyperfluoroalkylmethacrylate combined with hydrophobic
silicon dioxide (A), and also an organopolysiloxane modified with lithium compound (B),
have been studied. The ice adhesion values of heterogeneous polymers A and B
compared to PTFE were reduced two fold and 25 times, respectively. To explain such

behavior, the authors evaluated the lengths of the hydrogen bond to oxygen and fluorine
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(O---H and F---H) as well as the different interaction energies [26-28] (see Fig. 2.8).
They found that there is a slight repulsion between a water molecule and a siloxane group,
while a strong attraction was observed between a fluorocarbon group and a water
molecule. It should be noted that the water molecule orientations at the surface of
fluorocarbon group and at the polysiloxane one were completely different. Consequently,
by inducing and creating various disparities (hydrocarbons and fluorocarbons) in terms of
energy bonding and water molecule orientation at the molecular level, the ice-solid
interface is weakened by the possible creation of a wide range of dislocations and slips in
the accumulated ice structure immediately adjacent to the solid surface (ice-solid
interface line). The principle is the same as already proposed by Murase et. al and Byrd
[26-28]. They have indicated the presence of a synergistic effect caused by the
heterogeneity of the polymer coating leading to lower values of ice adhesion strength

[26-28].

In theory, their calculation of the enthalpy of the F---H bond gives -50.89 KJ/mol
with a bond length of 0.189 nm. For the O---H bond, the enthalpy is equal to -15.65
KJ/mol with a bond length of 0.329 nm. However, by applying heterogeneous surface
coatings i.e. F---H and O---H bondings at the same time, the enthalpy and bond length
change to -10.28 KJ/mol and 0.307 nm respectively for F---H and to -9.60 KJ/mol and
0.267 nm respectively for the O---H bond [26]. Therefore, it may be concluded that in the
case of heterogeneous surfaces, due to the significant increase in the bond length of F---H
and eventually the increase in the enthalpy, the overall interaction energy will be greater
[26]. It must be mentioned that few studies and uses of such HCs were found in the

literature.
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2.5 Conclusion

In this chapter a literature review on hydrophobic, super-hydrophobic and
icephobic properties of the coatings were presented. Three different methods, namely,
SAMs, nanoparticles and plasma, for preparing homo- and HCs with hydro-, super- and
icephobic properties, were studied. The definitions of HCs as well as the review of the
scant pertinent literature were summarized. The effect of heterogeneity, empirically and

theoretically, on the hydro- and icephobic characteristic of the coatings was discussed.
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3. Introduction
3.1 Substrate preparation and cleaning
3.2 Preparation of homogeneous and heterogeneous of SAMs coatings
3.3 Preparation of homo- and heterogeneous nanoparticles coatings

3.4 Preparation of homo- and heterogeneous plasma coatings through
masks

3.5 Sample analysis and characterization
3.5.1 Atomic force microscope (AFM)
3.5.2 Optical profilometry analysis
3.5.3 X-ray photoelectron spectroscopy (XPS)
3.5.4 QUV tester
3.6 Wettability Tests
3.6.1 Contact angle hysteresis
3.6.2 Sliding angle
3.7 Ice adhesion test

27



3. Introduction

In order to achieve the objectives of this study, a set of experiments is systematically
carried out on the hydro- and icephobic properties of prepared coated aluminum surfaces.
The objective of this chapter is to describe in detail the methods for preparing and
characterizing the homo- and HCs on aluminum alloy 6061 surfaces. The coating
morphology and anti-ice performance are also analyzed by applying a set of surface

analysis and characterization techniques explained in this chapter.

3.1 Substrate preparation and cleaning

Aluminum alloy 6061 (Al 97.9 wt.%, Mg 1.0 wt.%, Si 0.60 wt.%, Cu 0.28 wt.%,
Cr 0.20 wt.%), with plate dimensions 1x1 cm? and 5.1 x 3.2 cm? were used as the
substrate. Prior to coating, the plates were mechanically polished, first using different
grit sand papers, then finer SiC abrasive papers lubricated with water, and finally aqueous
1.0 um alumina slurry, in order to obtain mirror-polished surfaces. The polished
aluminum plates were then cleaned and degreased in a soap solution, and finally
ultrasonically rinsed in acetone (99.5%, EMD), methanol (99.8%, MAT) and distilled

water, respectively, each for 5 minutes.

3.2 Preparation of homogeneous and heterogeneous of SAMSs
coatings

The cleaned and polished aluminum surfaces were coated with a number of

organic molecules providing low surface energy, namely Trichloro(octadecyl)silane
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(C1gH37ClsSi), Trichloro(octyl)silane (CgH17Ci3Si) and Trichloro (1H,1H, 2H, 2H-
perfluorooctyl)silane (CgH4ClsF13Si), abbreviated here as OD, OT and PF, respectively.
All three organic molecules were purchased from the Sigma-Aldrich Company and used
as-received, without any further purification. Based on their chemical structures, these
organic coatings would be potentially good candidates for SAMs deposition. The

molecular structures of OD, OT and PF can be observed schematically in Figure 3.1.
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Fig.3. 1. Image of molecular structure of trichloro (octadecyl) silane (a), trichloro
(octyl) silane (b) and trichloro (1H,1H,2H,2H-perfluorooctyl) silane (c).

These coatings were prepared on the aluminum surface by a simple dip-coating
process followed by air drying in a conventional oven. The polished aluminum substrates
(AA6061) were coated with four different prepared solutions of well stirred diluted OD (at
1 mM); OT (1mM) and OT (6mM), in toluene, and a solution of diluted PF in methanol (6
mM) stirred for 15 minutes before dip-coating. The detail of preparation of homogeneous

and HCs of OD, OT and PF (6 mM) on the aluminum surface can be observed in Table 3.1.
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Table 3. 1. The preparation procedure of homogeneous and HCs.

i Drying time
Sample Imtrinntqegs(lﬁn Drying time (h) at 70 °C | Immersion time (h)yatgm °c
. ' (interval steps) (h, Second layer), "
first layer) (Final step)
Homogeneous
Coatings OD-0D
OT-OT | 2,6,12 1h 26,12 2
PF-PF
OD-PF
2,6,12 1h 2,6,12 2
OT-PF
PF-OD
HCs 2.6,12 1h 2,6,12 2
PF-OT
2,6,12 2h - -
PF\OD

3.3 Preparation of homo- and heterogeneous nanoparticles coatings

Solutions of one gram (1 g) of various polymers such as polyethylene (PE),

polyethylene (PS) and polymethylmethacrylate (PMMA) in 50 ml of toluene, and a

solution of diluted stearic acid (STA) in acetone (1g/50 ml), were prepared as a first layer

for homogeneous coatings. For HCs, suspensions of 1 g of dispersed nanoparticles with

different surface energy such as polytetrafluoroethylene (PTFE), Al,03 and ZnO in 50 ml

of methanol were prepared. These suspensions were oscillated by ultrasonic waves for 5

minutes followed by magnetic stirring during 20 minutes. The suspensions were used to

fabricate several series of HCs on polished aluminum surface, in order to study the effect

of different surface energies and surface roughness. Due to the effect of the diameter of

nanoparticles on surface roughness and consequently on surface wettability, in this step,

two different sizes of nanoparticles were used. More precisely, two dissimilar




nanoparticles, e.g. ZnO (molecular diameter 100 nm) and Al,O3 (200 nm), were used to
trace and compare any possible effect of nanoparticles size on sample wetting properties,

compared to the PTFE nanoparticles (200 nm).

The homogeneous and heterogeneous nanoparticles coatings were prepared using
a spin-coater from Laurel (WS-400B-6NPP). Spin coating is a commonly used technique
for preparing uniform thin films on flat substrates which involves the controlled
precipitation from solution of a compound on a suitable substrate while spinning with
specific parameters. The spinning rate was set at 500 rpm (15 s) (Fig. 3.2). Upon coating,

all samples were heat-treated at 70 °C in oven for 2 hours to remove residual solvents.

Fig.3. 2. (a) Spin-coater (model WS-400B-6NPP, Laurell Technologies
Corporation), (b) steps of coating preparation, (1) deposit solution, (2) spreading.

Table 3.2 and 3.3 present the procedure for preparing of homogenous and

heterogeneous nanoparticles coatings.
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Table 3. 2. Detail information for the preparation of homogeneous coatings.

One step
g | 2 = 3 = g
s | € o £ S >
g8 | 3 S Z £ S
S o n = 5] 2
50 ml
PE 1g | Toluene (at 110° Spin coating Good-fellow PE-spin
cc)
PS 1g 50 ml Spin coating Sigma-Aldrich PS-spin
Toluene
PMMA| 1g 50 ml Spin coating Sigma-Aldrich PMMA-spin
Toluene
STA | 1g 50 ml Spin coating Sigma-Aldrich STA-spin
Acetone
PTFE | 19 50 ml Spin coating Sigma-Aldrich PTFE-spin
Methanol
ALO. | 1 50 ml Spin coating Nano-Amor Al,O5-spin
23 9 Methanol and Immersion AlL,O; immersion
200 | 1 50 ml Spin coating Sigma-Aldrich Zn0-spin,
g Methanol and Immersion ZnO-immersion
PE Goodfellow
191 'I:'L(())|(l)1gr]lle Spin coating PE+PTFE
PTFE,/ ¢ Sigma
PE |lg 100 ml . . Sigma
nol “1g Toluene Spin coating Sigma PE+ZnO
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Table 3. 3. The details information for preparation of heterogeneous nanoparticles

coatings.
First step Second step
- >
g |2 = s | 2 E|S|2 ¢ g | & g
s |E|l ¢ | 2| &8 |3 |5|¢g ¢ | 2|8 2
8 |3 35 2 | 5§ ls|5|38 3 g | 5 5
2 |0 7 S |8|s|g 7 o | 2
50 mi
Toluene | spin Good- 50 ml spin Sigma- i
PE 19 (at 110° | coating | fellow| — PTFEI1g Methanol | coating | Aldrich PE-PTFE
cc)
50 ml 50 ml | spin Sigma-
PE hg Toluene spin Good- Zn0 1gMethanol coating |Aldrich PE-7nO
(at coating | fellow | -
110° cc)
50 mi Good- 50 ml Spin Nano- | PE- Al,O3
PE I Toluene | spin fello ALO-| 1 Methanol | coating | Amor
g (at  |coating| w - D819
110° cc)
50 ml spin  pBigma- 50 ml spin Sigma- i
PS g Toluene | coating |Aldrich — |PTFE 1g\/Iethanol coating | Aldrich PS-PTFE
50 ml spin Sigm 50 ml Spin Nano- | PS- Al,O4
Toluene | coating a- Methanol | coating| Amor
PS [1g Aldri _ |AlLOs|1g
ch
50 ml spin Sigma- 50 ml Spin | Sigma- | PMMA-
PMMAL g Toluene |coating | Aldrich, - PTFE|lg Methanol |coating | Aldrich| PTFE
50 mi spin | Sigma- 50 ml | Spin Nano-| PMMA-
PMMA( g Toluene |coating | Aldrich — Al,Os|19 Methanol | coating| Amor |  Al,O4
50 ml spin Sigma- 50 ml Spin | Sigma- i
STA g Acetone |coating | Aldrichl — PTFE/1g Methanol |coating | Aldrich STA-PTFE
50 ml spin Sigma- 50 ml | Spin Nano- |[STA - Al,O;
STA L9 | Acetone coating | Aldrichk — Al20s| 19 \ethanol coating| Amor
PE 100 ml | spin | Good
19/ | Toluene |coating [fello PE+
PTFE| - - |- - - -
TFE | /19 :
Sigma
P g 100 ml spin Sigma, PE+
Toluene | coating _ | _ _ _
nO| /1g . ZnO
Sigma
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3.4 Preparation of homo- and heterogeneous plasma coatings
through masks

To prepare homogeneous and heterogeneous plasma coatings, various copper
masks were placed on the aluminum substrates (for homogeneous coating) and aluminum
substrates coated with polyethylene (PE) and polystyrene (PS). The used masks of the
copper gauze were 20 and 60 mesh, corresponding to 0.41 and 0.19 mm in wire width,
respectively. Then, to apply the plasma sputtering, polytetrafluoroethylene (PTFE) was
used as a target, and it was deposited on polished aluminum surface, polyethylene (PE)

and polystyrene (PS) coated aluminum surfaces through a different mask.

The HCs prepared in these ways by the plasma method were called PE-PTFE
(0.41 mm), PE-PTFE (0.19 mm), PS-PTFE (0.41 mm) and PE-PTFE (0.19 mm). The RF
plasma-sputtering process was carried out in an HICP-600SB PECVD system,
manufactured by Plasmionique Inc. The distance between the target (Teflon®) and the
substrates (aluminum) was set at 30 cm. After being evacuated to a base pressure of
2.0x10°° Torr, argon gases were admitted into the chamber. The flow rate of the
sputtering gas was controlled by an MKS mass flow controller (MFC) and set at 50
standard cubic centimeters per minute (sccm). The aluminum surface was pre-cleaned
and pre-activated in 75W plasma argon for 5 min. The sputtering deposition process was
carried out under 75W RF power for 20 min at 20mTorr. Figure 3.3 shows the plasma
reactor available at CIGELE and PE samples without and with different copper gauzes as

amask (0.19 mm and 0.41 mm).
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Fig.3. 3. (a) Plasma reactor (CIGELE), (b) PE coated Al sample, (c) PE sample
covered with copper gauze of with 0.19 mm and (d) PE sample covered with copper
gauze of with 0.41 mm.

3.5 Sample analysis and characterization

In this research, surface characterizations and analysis were carried out to study
the morphology, chemical composition and durability of the prepared coatings. This
section discusses various techniques for analyzing and characterizing the homo- and HCs

prepared by three different methods.

3.5.1 Atomic Force Microscope (AFM)

An atomic force microscope (AFM, Escope, Veeco) was used to characterize and
analyze the surface morphologies of the coated samples (Fig. 3.4). To generate the AFM

images, the tapping mode method was used. Conditions were at room temperature under
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normal air pressure. In this mode, a swing silicon probe (Nanosensors™) designed an
image in the topography of the surface. A surface topography was mapped by lightly
tapping the surface with an oscillating probe. Atomic force microscopy provides us with
information on the surface features, for instance, measurements of the nanoscale features
of the surfaces including the z-height and surface roughness. The tip radius is less than
10-15 nm and the height 10-15 pum set on a cantilever of length 220-230 pum and width

35-45 pm, respectively.

Fig.3. 4. (a) Atomic force microscope (AFM), CIGELE and (b) Silicon nitride probe
fixed on cantilever.

3.5.2 Optical profilometry analysis

The AFM technique is an efficient and useful approach to investigate substrate
surfaces with nano-scale roughness features. However, it should be noted that it is
complicated to have an appropriate image in the case of a micro textured surface In this

case, therefore, other surface assessment techniques and methods should be used, e.g.
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optical profilometry. Therefore, the surface morphology of coatings was carried out using
an optical profilometer machine (micro XAM100 in CURAL and Confocal CHR 150-L
in CTA laboratory) (Fig. 3.5). The optical profilometer uses a high resolution non-contact

sensor and facilitates the examination of opaque and/or highly reflective surface finishes.

Fig.3. 5. : Photo of profilometer device, CTA laboratory.

3.5.3 Scanning Electron Microscopy (SEM/EDX)

SEM measurements produce a two dimensional image of the morphological
features of the surface in addition to providing the atomic composition of the material by
means of energy dispersive X-ray spectroscopy (Hitachi S-4700 Field-Emission SEM
with accelerating voltages from 500 V to 25 kV) (Fig. 3.6). Before each measurement,
samples with low surface conductivity were covered with a very thin film of platinum or

carbon to lessen charge build-up during the scanning.
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Fig.3. 6. SEM machine, CURAL laboratory.

3.5.4 X-ray photoelectron spectroscopy (XPS)

Various chemical compositions on coated aluminum surfaces were identified and
analyzed by X-ray photoelectron spectroscopy (XPS, manufactured by Staib Instruments
GmbH (Germany) and Plasmionique (Quebec, Canada)) (Fig. 3.7). X-ray photoelectron
spectroscopy is a quantitative and semi-qualitative spectroscopic technique that analyzes
surface chemical composition for a thickness as low as a few nanometers. The X-ray

source was polychromatic Mg lines which operated at 15 kV and P = 300W.
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Fig.3. 7. XPS instruments, CIGELE laboratory.

3.5.5 QUV tester

Several tests were performed to determine the durability and ageing behavior of the
different coatings. Degradation due to UV illumination was assessed using accelerated
tests with the QUV/Accelerated Weathering Tester (ASTM G154), which was among the
equipment acquired by CIGELE (Fig. 3.8). The QUV tester irradiance is 75 % higher
than noon summer sunlight [84]. The test cycle was 8 hours at the conditions 0.89 W/m?
irradiance, temperature 60 °C in the QUV tester. Its programmable methods meet the
standard of ASTM G154. The annual mean of UV radiant exposure (295-385 nm) in a
site north of Ottawa in Canada was estimated at 172 MJ/m? for one year, based on several
years of data gathering [84,85]. The irradiance from a narrow wavelength band (340 nm)

to a wider wavelength range (295-385nm) can also be converted as follows [84,85]:

10 kd/m? (at 340 nm) = 1 MJ/m? (at 295-385 nm) (3.1)

Thus, the required number of hours of UV exposure in the mentioned apparatus
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equal to one year of natural exposure can be calculated as follows [84]:

1720000 J/m? (at 340nm) = 0.89 W/m? (at 340nm) x Time (sec) (3.2)

Time (sec) = 1933200 sec = 537 hr (3.3)

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

sunlight exposure.

Fig.3. 8. QUV tester apparatus, CIGELE laboratory.

3.6 Wettability Tests

The wetting behavior of the prepared coatings was assessed on a contact angle
goniometer following standard procedures by measuring the water contact angle (Fig.
3.9). The system used for contact angle measurements is a drop shape analyzer system
(DSA 100 from Kruss GmbH). Contact angles and surface energy were measured using
the sessile-drop method: small water droplets (4 uL in volume) were placed on the
surface by an injection mechanism with several convenient syringes. Then their shape

was evaluated with the goniometer optics and software using a light source to light the
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sample surface and a camera connected to a computer where the drop shape can be
recorded and analyzed. Another important advantage of the software is to calculate the
contact angles by using appropriate techniques. To investigate changes in surface energy
upon a prepared coating, water and formamide were used as probe liquids. Surface
energy parameters of the probe liquids are the total, dispersive and polar components of

the probe liquid surface free energy. The symbols »,, » and y,” represent the total,

dispersive and polar components of the probe liquid surface free energy, respectively.
The subscripts s and | represent solid and liquid, respectively. The components of the
total surface free energy for the prepared coatings were determined from the Owens and
Wendt equation [20]. This is a linear equation,Y =mX +b, where the slope m and
intercept b are given by the square root of the polar and dispersive components of the
solid surface free energy. Therefore, the polar and dispersive components of the total
surface free energy are determined from the slope and the intercept of the linear fit. The

total surface free energy can be obtained from according to equation [20] (3.1):

y _ 7i+cosd) X Ay
Ry X +r

where X = (;/Ip )}/2 / (;/ld)%

(3.4)

From to equation (3.1), the surface free energy components of the three surfaces
were calculated from contact angle measurements. The static contact angle data were

obtained by fitting the symmetric water drops using the Laplace-Young equation.
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Fig.3. 9. Kruss DSA100 contact angle goniometer, CIGELE laboratory.

3.6.1 Contact angle hysteresis (CAH)

The method of measuring contact angle hysteresis (CAH) is to slowly move the
substrate from right to left or vice versa, allowing for a visualization of the advancing (6a)
and receding (6r) contact angles (Fig. 3.10). After injecting a water droplet on the sample,
the droplet was held in contact with the sample surface with a stationary needle. Then the
advancing and receding contact angles were measured while moving the sample in one
direction [63]. After settling the water droplet on the sample surface, it is necessary to
wait for 10 s prior to each measurement to be sure that the droplet is stabilized. The
contact angle values reported here were the averages of at least five measurements on

various parts of each sample.
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Fig.3. 10. Advancing and receding contact angles on a sample with (a) a low
hysteresis (static CA), and (b) a high hysteresis (advancing (64) and receding (0g)
CA:s.

3.6.2 Sliding angle

The sliding angle is the angle at which a water droplet of a certain mass starts to
slide down an inclined plate. This can be obtained by measuring the angle of the sample
surface and the horizontal plane at which the water or liquid droplet begins to slide off
the surface due to gravity [86, 87]. In this study, the Groz instrument was used to

measure the sliding angle (Fig. 3.11).

Fig.3. 11. Sliding angle instrument and schematic illustration of water droplet on a
tilted surface.
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3.7 lce Adhesion Test

Different methods have been developed to measure ice adhesion, but some of them
are not applicable for the atmospheric ice formed by the freezing of the super-cooled
water drops in contact with structures. Shear stress of ice detachment depends on the
techniques used to measure ice adhesion. In this series of experiments, the ice
accumulation conditions were generated in the CIGELE laboratories. The ice-adhesion
evaluation tests were conducted on aluminum beams with samples spun in a homemade
centrifuge device (Fig. 3.12). The ice was accumulated on coated samples in a wind
tunnel at subzero temperature (-10 °C) and with adjusted wind velocity, water pressure
and air pressure values to 10 m/s, 325 kPa, 100 kPa, respectively, to simulate the
atmospheric glaze ice created on surfaces in nature. The samples were first placed in a
wind tunnel to build up a given thickness of glaze ice accretion by spraying super-cooled
micrometer-sized water droplets (63.7 um). To balance the beam in the centrifuge, a
counter-weight was used on the opposite side (Fig. 3.12 b and c). The glaze ice of ~ 1 cm
thick was prepared over the area of ~ 5.1 x 3.2 cm? This ice geometry was found to be
optimal to provide adhesive failure of the ice and well reproducible results during de-
icing. The samples were placed in a wind tunnel at subzero temperature to accumulate
glaze ice because the subzero tests need to be performed in a cold environment in order to
study how ice grows on prepared coated surfaces. The wind tunnel used was adjusted
thoroughly under conditions similar to those in nature leading to accretion of glaze ice
during freezing rain. The effect of controllable wind tunnel parameters such as
temperature, air speed and liquid water content were considered. The atmospheric icing

wind tunnel used was based on room temperature water injection through warm nozzles
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into a cold air stream provided by three nozzles on the spray line. Figure 3.13 shows the
samples during ice accumulation in a wind tunnel. The distance between the nozzles and
the samples was chosen to be long enough to reach thermodynamic equilibrium for all
sprayed droplets in the wind tunnel [88-90]. After ice accumulation was completed, the
samples were removed, weighed and kept in a climatic chamber at -10 °C. Ice mass and
area were carefully evaluated both after icing and de-icing. The centrifuge test machine
can increase rotation speed of the beam from 0 to 5500 rpm with an acceleration of
approximately 300 rpm s™. Rotation generates a centrifugal force and when this force is
larger than adhesion force of ice, the ice detaches from the sample. At the moment of
detachment (detected with sensors embedded into the centrifuge wall), the adhesion
strength of ice is assumed to be equal to the centrifugal force, F = mre 2, where m is the
ice mass in g, r is the beam radius in cm and @ is the rotational speed in rad s™. The

corresponding shear stress was calculated as 7= F/A, where A is the de-iced area in cm?.

Fig.3. 12. (a) Sample covered with artificial glaze ice, (b) centrifuge adhesion test
machine, and (c) sample with coating in centrifuge set-up measuring ice adhesion
where (1) sample, (2) aluminum beam, (3) counter-weight.
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It should be noted that all samples were placed in the tunnel for roughly about 8 to
15 min to be cooled down prior to each icing test. The time period needed to have about

4-6 g (up to ~ 1 cm thick) of ice on each sample was traced as well.

Fig.3. 13. Photo of (a) Atmospheric icing wind tunnel, and (b) ice accumulation on
coated samples in wind tunnel.

3.8 Conclusion

In this chapter, different methods and techniques for preparation and
characterization of homo- and HCs on aluminum alloy 6061 surfaces were presented in
detail. The hydrophobic property and icephobicity of the prepared homo- and HCs
samples were evaluated and measured via contact angle goniometer, sliding angle Groz
instrument and centrifuge adhesion test machine, respectiveley. Meanwhile, the chemical
composition of the prepared coatings was studied by XPS analysis. To study the
morphology and topography of such prepared homo- and HCs, the SEM, AFM and
profilometer techniques were used. Finally, the durability of the homo- and HCs was

studied by using the QUYV tester apparatus.
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4. Introduction

According to our research objectives, the first step in studying the heterogeneity
effect is the preparation of homo- and HCs using the SAMs method. In this step, three
different organic molecules, Trichloro(octadecyl)silane (C1gH37ClI5Si),
Trichloro(octyl)silane  (CgH1,Cl3Si) Trichloro (1H,1H,2H,2H-perfluorooctyl)silane
(CgH4Cl3F413Si), abbreviated here as OD, OT and PF respectively, are applied. Our
literature review showed that several parameters such as immersion time (IT) and Alkyl
length and etc. could affect on the formation of SAMs coating. Here, the effects of
immersion time and Alkyl length on the heterogeneous SAMs coatings were studied. The
SEM, XPS and profilometry analyses are used to characterize the surface of such

coatings.

4.1 Immersion time (IT) effect

A review of the literature indicates that by increasing the immersion time (IT),
the efficiency of SAMs formation on a surface can be described in terms of order degree
of self assemble monolayer and thus the surface coverage. Therefore, the IT parameter
plays a very important role in the self-assembly process [91-93]. Figures 4.1 and 4.2
illustrate the contact angle (CA) and contact angle hysteresis (CAH) values of sample
surfaces coated with a) OD-OD; b) PF-PF; ¢) PF-OD; and d) a mixed solution of PF
(6mM)/OD (1ImM). The procedures to prepare coatings were shown in detail in chapter
3. The homogeneous OD-OD and PF-PF coated samples were also prepared and used as

a reference. Figure 4.1 demonstrates how increasing IT influences the wetting
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characteristics of different prepared coatings. When the IT was increased from 2 to 12
hours, the CA values of all homo- and heterogeneous dip coated samples increased.
More precisely, the contact angle values for homogeneous coatings of OD-OD and PF-
PF after 12 hours of IT were ~ 140° and ~ 120°, respectively. However, a remarkable
enhancement of contact angle values was observed for HCs of PF-OD and OD-PF, i.e. ~
150 ° and ~ 160° respectively, after 12 hours. This corresponds to a super-hydrophobic
characteristic. Thus, the observed results concerning the wetting properties of both
homo- and HCs are probably due to well-ordered SAM fabrications on a well-immersed

aluminum oxide layer [91-93, 95].
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Fig.4. 1. CA values (deg.) of different prepared samples with 2, 6 and 12 h ITs.
Figure 4.2 presents the CAH values for homo- and HCs. We can see that the
CAH values decreased when the IT increased from 2 to 12 hours. A significant decrease

in CAH values was also obtained in the case of HCs coatings of PF-OD and OD-PF, as it

was only ~ 7° (after 12 h of IT), while the CAH values for homogeneous coatings were ~
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40-70° (for 2, 6 and 12 h). The CAH value of a homogeneous PF-PF sample after a 2h
immersion time was larger than ~ 70°. The super-hydrophobic coatings with very low
wetting hysteresis (CAH) are considered to be truly icephobic coated samples [15]. It is
also important to highlight the fact that the CAH value for a mixed solution of PF (6 mM)
and OD (1mM), abbreviated here as PF/OD and immersed for 2 and 6h immersion was
very large (CAH > 60°). The results obtained from the mixed solution of OD/PF showed
that the molecules of OD and PF do not probably order well on aluminum oxide layer
surfaces. In other words, they were randomly distributed on the aluminum substrate [94].
For an in-depth study of prepared coatings that can suitably interpret the obtained results,
we used other characterization techniques, including surface energy calculation and SEM,
profilometry and XPS analyses of these coatings. This will be presented in the following

sections.
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4.1.1 Surface energy calculation

Another important investigation technique for the hydrophobic properties of
homo- and heterogeneous SAMs coatings is the determination of surface energy values. It
is well known that when the surface energy is lowered, the water repellency is enhanced
[94]. The surface energy of a solid surface is a characteristic relevant to surface chemistry,
depending on its chemical composition and atomic arrangements near the surface [20].
Table 4.1 presents the surface energy values of prepared coatings obtained from contact
angle measurements [20]. For the immersion times of 2, 6 and 12 hours, the table shows
smaller values for the HCs than for homogeneous samples. Moreover, the smallest values
were obtained for HCs coatings of OD-PF and PF-OD with 12 hours of immersion time,
i.e. 0.04 + 0.03 mNm™and 0.23 + 0.05 mNm™, respectively. It can be concluded that by
applying dissimilar functions of C-F and C-H on an aluminum surface, the wetting
characteristics of samples were affected seriously as the surface energy values decreased.

This is known as the heterogeneity effect.

Table 4. 1. Surface energy values (MNm™) of homo- and heterogeneous SAMs

coatings.
Immersion time (IT) (h) Sample Surface energy (mNm™)
OD-0OD 15.6 + 0.57
2 PF-PF 21.10+0.51
PF-OD 9.41+0.50
OD-PF 6.63+0.42
PF/OD 23.27+0.83
OD-0OD 1.23+0.99
6 PE-PF 4.32+0.88
PF-OD 0.60+0.16
OD-PF 0.74+0.28
PF/OD 20.22+0.60
OD-0D 1.23+0.27
12 PF-PF 4.36+0.29
PF-OD 0.23+0.05
OD-PF 0.04+0.03
PF/OD 15.62+0.47
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4.1.2 Scanning Electron Microscopy (SEM) analysis

Figures 4.3 to 4.5 show the scanning electron microscopy (SEM) images of
samples coated with OD-OD, PF-PF and OD-PF (12 h immersion time) at 2000 and
11000 magnifications. These series of experiments were conducted to investigate surface
morphology. The SEM images of coated surfaces show a rough structure at the micro-
/nano-meter scale on a polished aluminum surface. This micro/nano scale roughness is
obtained following sample immersion in chemical solutions where in the hydrolysis step
of the SAMs configuration process, the chloride ions (CI) are released to form
hydrochloric acid (HCI), which in turn causes the erosion of the aluminum substrate
spontaneously by increasing the immersion time. This reaction can be expressed by the

following general scheme [95]:

rsicl 29, Rsi0H), +3HCI

I
R—Sli—CI +H,. 0 —» R—SII—DH + HC1 (1)

I I |
R—Sli—DH + E‘I—Sli—R — R-slm-s l'rR +HCI @

[ | I
R-51-0OH + HO-5i-R — R-S5+0-Si-R + H;O 3)

This hypothesis was furthermore confirmed by measuring the pH values of
prepared PF and OD solutions, i.e. ~ 2 and ~ 3, respectively. This rough structure on a

polished aluminum surface combined with the application of a low surface energy
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material, as is the case for the OD-PF coating by 12 h of immersion, leads to
superhydrophobicity. Therefore, using the HCs (e.g. OD-PF) is the main reason to switch
surfaces from hydrophobic to super-hydrophobic ones. In section 4.1, it was shown that
the increase of immersion time has an effect on the wetting properties of samples [91-93],
as it causes the increase of contact angle and decrease of CAH values. Figure 4.5
confirms the presence of micro/nano-scale surface roughness which can effect on wetting
properties after a 12 h IT, as the contact angle values go as high as ~ 160° and the CAH
values go as low as ~ 7°. In other words, based on these new results, it is therefore
possible to conclude that by increasing the immersion time the surface roughness as well
as the effect of heterogeneity were increased; this resulted in higher values of contact
angle and lower values of CAH, characteristic of superhydrophobicity.

As it is evident in this series of SEM images, the surface topography of both OD-
OD and OD-PF samples are similar. This can be attributed to the dominant effect of an OD
self-assembled layer on surface asperities and topography in the heterogeneous OD-PF

coating, as this layer exists in both homo- and HCs.

Fig.4. 3. Scanning electron microscopy (SEM) images of sample coated with OD-
OD (12 h). Magnification is (a) 2,000 and (b) 11,000.
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Fig.4. 4. Scanning electron microscopy (SEM) images of sample coated with PF-PF
(12 h). Magnification is (a) 2,000 and (b) 11,000.

Figures 4.3 and 4.5 show that the SEM image of an OD-OD sample has the
similar rough structure as an OD-PF sample. However, on OD-OD coating it does not
result in higher values of contact angle and lower values of CAH compared to an OD-PF
sample. This observation is another proof of the heterogeneity effect on heterogeneous

samples.

Fig.4. 5. Scanning electron microscopy (SEM) images of sample coated with OD-PF
(12 h). Magnification is (a) 2,000 and (b) 11,000.
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4.1.3 Profilometry analysis

The SEM analysis results obtained in previous sections can be validated by
various surface roughness values obtained for these homo- and heterogeneous SAMs
samples which were measured using root-mean-square roughness (Sq) values. These Sq
values of prepared SAMs coatings on aluminum surfaces were measured by profilometry
analysis. Figure 4.6 illustrates the surface roughness values (Sq) of different treated
surfaces. As it is evident in this figure, the maximum value of Sq corresponds to the
homogeneous OD-OD coated Al sample. In contrast, the HCs have smaller values of
surface roughness (Sq). It should be noted that while more rough structure can be
observed on homogeneous OD-OD coating compared to HCs (OD-PF and PF-OD),
nevertheless higher contact angle value was observed in the case of HCs. These
observations, thus, affirm again the effect of heterogeneity of coatings on wetting

properties.

700

600 - [
500 - l

=
]
s 400
@
c
< T
S 300 - T
] =
z -

200

100 - T

T
0
OD-0D PF-PF OD-PF PF-OD

Sample

Fig.4. 6. Surface roughness (root-mean square) (nm) of prepared SAMs coatings.
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4.1.4 X-ray photoelectron spectroscopy (XPS) analysis

The surface chemical composition of prepared coatings was examined via X-ray
photoelectron spectroscopy (XPS). Figure 4.7 illustrates XPS analysis results of samples
immersed in the OD-OD, PF-PF and PF-OD solution for 12 hours. As it is obvious from
XPS spectra in Figure 4.7 (a), the high-binding-energy peak at ~ 284 (eV) indicates the
existence of C-H/C-C bonds with high concentration, implying the presence of a

homogeneous coating of OD molecules on polished aluminum substrates.

The peak at ~ 281 (eV) corresponds to C-Si bond. Figure 4.7 (b) shows the
observed peaks at ~ 290, ~ 291 and ~ 293 (eV) corresponding to the CHF, CF;, and CF;
groups, respectively, which confirm the presence of PF molecules on polished aluminum
substrates. Figure 4.7 (c) presents the peaks of XPS analysis of coated OD-OD and PF-PF
samples. This observation confirms the presence of OD and PF on HC coating.
Meanwhile, these XPS results show that the aluminum surfaces were covered with

alkylsilane (OD) or fluoroalkylsilane (PF) molecules.
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Fig.4. 7. XPS high resolution spectra of Al samples coated with OD-OD (a), PF-PF
(b) and OD-PF (c), after 12 h ITs.

4.2 SAMs coatings on glass substrate

To better understand the observed results and establish the effect of heterogeneity,
another set of experiments, including the replacement of an Al sample by a glass
substrate, was conducted to avoid any possible effect of surface roughening. Since the
glass substrate does not react with hydrochloric acid (HCI). Figure 4.8 shows contact
angle and CAH values of different coated glass samples for 12 h IT. The contact angle

values of homogeneous coatings of OD-OD and PF-PF on glass substrate were ~ 106 °
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and ~ 108 °, respectively. However, for HCs coatings of PF-OD and OD-PF on a glass
substrate the values were ~ 115 ° and ~ 114 °, respectively. As it is clear, a low variation
of CA values was found on this series of samples compared to those observed on
aluminum surfaces which are probably due to created surface roughness on aluminum
surfaces. However, the most important consequence of the heterogeneity effect is the low
contact angle hysteresis values [26]. Indeed, the CAH of homogeneous coatings of OD-
OD and PF-PF on a glass substrate were ~ 45 ° and ~ 50 °, respectively. However, for

HCs coatings of PF-OD and OD-PF, the CAH values were ~ 22 ° and ~ 17 °, respectively.
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Fig.4. 8. CA and CAH values (deg.) of different glass coated substrates for 12 h ITs.

4.3 Alkyl length effect

To study and better understand the effect of chain length on the wetting

characteristic, dissimilar alkylsilanes in terms of chain length have been selected.
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Therefore, trichloro (octyl) silane, OT (8 carbon atoms) with a similar chemical
component to trichloro (octadecyl) silane, OD (18) and a similar alkyl length of trichloro

(1H,1H, 2H, 2H-perfluorooctyl) silane, PF was used.

4.3.1 Immersion time effect

Figures 4.9 and 4.10 illustrate the contact angle and CAH values of surfaces
coated with OT-OT, PF-PF, PF-OT; and OT-PF. The concentration of OT in this series of
experiments was 1mM OT diluted in toluene. The coating preparation procedures were
explained in details in chapter 3. By increasing the immersion time from 6 h to 12 h, the
contact angle values of all coated aluminum surfaces were increased. However, CAH
values did not change significantly (see Fig. 4.10). In addition, by increasing the IT to 12
hours, the CA values of homo- and HCs prepared from OT are not as large as those of
coatings prepared from OD. It is indeed important to mention that when mixed solutions
of PF (6 mM) and OT (1 mM) were prepared for both 6 and 12h immersion times, the
contact angle and CAH values were <90° and >60°, respectively. The CAH values are
also not as low as those of the coated samples prepared from OD related to the super-
hydrophobic characteristic. This behavior could be explained by the reduction of the
molecular reactivity caused by the steric effect on a polished Al surface [96]. In
chemistry, the steric effect has an influence on a reaction's course or rate determined by
the fact that all of the atoms within a molecule occupy space, thus certain collision paths
are either disfavored or favored, when atoms are brought close [97]. In general, the steric

effect is classified into several types, namely, steric hindrance, steric shielding, steric
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attraction and steric repulsion [98-101]. Among these types, steric attraction was the one

present in the self assembly process of OT molecules [100].

Steric attraction occurs when molecules have shapes or geometries that are
optimized for interaction with other molecules. In this case, molecules will react with
each other most often in specific arrangements and then the contact angle values of

homo- and HCs prepared from OT are not as large as those of coatings prepared from OD

[100].
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Fig.4. 9. CA values (deg.) of different coated samples with OT (1 mM) for 6
and 12 h ITs.
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Fig.4. 10. CAH values (deg.) of different coated samples with OT (1 mM) for
6and 12 h ITs.

To trace any possible effect of solution concentration on surface wettability, the
contact angle and CAH of coated samples with 6 mM OT instead of 1ImM OT and in the
same condition as PF (6 mM) were measured and evaluated as well. As it is clear in
Figures 4.11 and 4.12, by increasing the immersion time from 6 h to 12 h, the contact
angle values of all aluminum surfaces coated with OT-OT, PF-PF, PF-OT and OT-PF
were increased. However, CAH values did not change considerably. For ITs of both 6
and 12 hours, the CA values obtained from either homo- or HCs prepared from 6mM OT
were smaller than those obtained from 1mM OT concentration. This observation is
probably due to the steric effect which in this case prevents the well-ordering of SAMs
molecular structures on the aluminum oxide layer (see Figs. 4.11 and 4.12) [96]. In other

words, the shorter length of an alkyl chain can influence the formation of a network
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structure of Si-O-Si instead of a well-ordering of SAMs molecular structures on the
aluminum oxide layer [96]. To better understand the results obtained from wetting
analysis, the scanning electron microscopy (SEM) analysis of homo- and HCs was

conducted and the results will be presented in the following sections.
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Fig.4. 11. CA values (deg.) of different coated samples with OT (6 mM) for 6
and 12 h ITs.
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Fig.4. 12. CAH values (deg.) of different coated samples with OT (6 mM) for 6
and 12 h ITs.

4.3.2 Scanning Electron Microscopy (SEM)

The surface morphology of samples coated with OT-OT (1 mM) and PF-OT (12 h
ITs) at 2000 and 11000 magnifications can be observed in Figure 4.13 (a) and (b). The
SEM images of these series of experiments showed morphology different from that of the
experiments prepared with OD. The SEM images of an OT-OT coated surface show the
presence of white points at the micrometer scale on the surface, as can be observed in
Figure 4.13 (a) and (b). Figure 4.13 (c) illustrates a chemical analysis of the coated
surface of OT-OT (8) obtained from energy-dispersive x-ray spectroscopy (EDS) analysis.
This series of experiments were conducted to investigate in more details surface

morphology and chemical composition of coated surfaces in more details and to find
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reasonable explanations for the results obtained. The peaks of Fe, Mn and aluminum refer
to the second-phase particles and the aluminum matrix, and the peaks of C and Si are
related to alkylsilane molecules coated on aluminum substrates. Since in Al alloys exist
other metal additives to improve the strength of the material, these metal additives
precipitate during the solidification processes and create second-phase particles in the

aluminum matrix.
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Fig.4. 13. Scanning electron microscopy (SEM) images of sample coated with OT-
OT (ImM) (12 h). Magnification is (a) 2,000 and (b) 11,000. (c) EDS spectrum of Al
sample coated with OT-OT(12 h).

This couple, composed of the aluminum matrix and second-phase particles,
inevitably leads to increased un-sustainability to electrochemical (or galvanic) corrosion
of such alloys, especially of those in close contact with water. Figure 4.14 shows SEM

images of a PF-OT heterogeneous coated sample (12 h) at 2000 and 11000
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magnifications. The SEM images of a surface coated with PF-OT reveal the propagated
branches of organic SAMs in several areas. Figure 4.15 shows SEM images of an OT-OT
dip coated sample in a solution of OT with a concentration of 6 mM. Compare this to
figure 4.13; it is obvious that a sample coated with OT-OT (1mM) has more propagated
branches of organic SAMs in several areas while increasing the concentration from 1mM
to 6mM. It could be due to the increase of the steric effect on an aluminum surface by

growing more branches up while increasing the OT concentration from 1 mM to 6 mM.
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Fig.4. 14. Scanning electron microscopy (SEM) images of sample coated with PF-
OT(AmM) (12 h). Magnification is (a) 2,000 and (b) 11,000.

Fig.4. 15. Scanning electron microscopy (SEM) images of sample coated with OT-
OT (6mM) (12 h). Magnification is (a) 2,000 and (b) 11,000.
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This can act as a factor preventing the well-ordering of SAMs molecules on an
aluminum oxide layer that consequently leads to the decrease of the contact angle value

[96].

4.4 Heterogeneity effect on the interaction energy between coating and
water molecules

To better understand and define the heterogeneity effect resulting from dissimilar
functions on a coated aluminum surface, the interaction energy between SAMs coatings
and water molecules was calculated theoretically. To this end, the sliding angle of each
coated sample was measured to calculate the interaction energy [25,26,102,103]. A
variety of models shows the relation between the sliding angle and the relevant forces
[102-110]. All the models discussed in the literature are based on two assumptions. One
of them is adhesion of the liquid drop to the solid surface because of the forces developed
along the periphery of the liquid drop which is in contact with the solid surface. The other
one is the adhesion of a liquid drop to a solid which is the result of intermolecular forces
at the interfacial area. The adhesion of the liquid drop to the solid is the result of the
forces acting at the contact periphery between the drop and the solid. In this study, the
interaction energy was evaluated across the contact periphery between the drop and the
solid. Before calculating the interaction energy it is necessary to know some correlations
and equations. The radius R that a liquid drop makes with a surface can be calculated
from its density p, mass m and the contact angle 6 of the liquid with the solid (Fig. 4.16).
Assuming that the drop is a perfect sphere, the radius of the drop, R, can be expressed

according to equation (4.1):

66



_ 3m u .1)
p|2-3cos 6 +cos* )

\ Solid

Fig.4. 16. Schematic representation of a water drop on a solid surface.

The radius r, of the contact area between the drop and the solid, is given by

equation (4.2):

r=Rsin@ (4.2)

Equations (4.1) and (4.2) are valid for hydrophobic surfaces (6 > 90°) as in Figure
4.16, as well as for hydrophilic surfaces (6 < 907). When the horizontal plane is tilted, the
contact area is assumed to remain circular with a radius r, though tilting deforms the drop.
At a certain sliding angle the drop is detached from the surface and slides. Equations (4.1)
and (4.2) assume that there are no moments and rotational forces acting on the drop, as is
shown in Figure (4.17). The driving force for the drop sliding is the gravitational force

(mg sin a) and the adhesion force opposing this movement is Fa. At the beginning of
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drop motion, the forces acting on the drop will be equilibrium as described by equation

(4.3):

F, =mgsina (43)

mg/sing
/

Fig.4. 17. Schematic representation of a water drop on a tilted solid surface.

The adhesion of the liquid drop to the solid is the result of the forces acting at the
contact periphery between the drop and the solid [25,26,104,105] as given by equation

(4.4):

Fp =K, 27 (4.4)

where Ka is a constant with units of surface tension (N/m) or surface energy (J/m?). Ka
represents the energy of adhesion between the two phases. Combining equations (4.3)

and (4.4) the equation (5) is obtained [111]:
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In addition, substituting r in equation (4.5) from equations (4.1) and (4.2) the

following expression is obtained:

Sina =

% -2
K.27 3 : sin am’3 (4.6)
g p7z(2—3cose+cos 9)

Therefore, for a given liquid and solid (i.e., p and 8 are constant) sin o depends on
the mass of the drop to the —2/3 power. K is the interaction energy (invariant for a given

surface chemistry) and is expressed by equation (4.7), [102]:

« 2-3c0S6 +cos’® @ %g(m)%sina 4.7)
ATIP 3 2\7z) sing

For a surface with rough structure the interaction energy between water and the
substrate is comparable to the true contact area, which is bf times as large as the apparent
contact area. Therefore, the interaction energy k is assumed to be bf times greater than the

flat surface [103].

K _ 9sina(rcoso+1) m?p(2—3cos#'+cos ) e (4.8)
2bsin @' (cos 9'+1) 3r?
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where @' is the equilibrium contact angle on a rough and surface, 0 is the
equilibrium contact angle on a flat surface and m is a mass of the droplet. Therefore, to
calculate the interaction energy of heterogeneous OD-PF and PF-OD coatings with super-
hydrophobic properties, equation (4.8) was used. Table 4.2 presents the calculated values

of interaction energy for the heterogeneous OD-PF and PF-OD coatings.

Table 4. 2. The values of interaction energy between a water droplet and HC.

Sample a (deg.) 0' (deg.) 0 (deg.) m (mg) K (mJ/m?)
OD-PF 1 160.6 114.3 15 3.118
PF-OD 4 154.3 115.1 15 3.113

Similarly, equation (4.7) was applied to calculate the interaction energy of
homogeneous OD-OD and PF-PF coatings. Table 4.3 presents the calculated values of

interaction energy for the homogeneous OD-OD and PF-PF coatings.

Table 4. 3. The values of interaction energy value between a water droplet and
homogeneous coating.

Sample a (deg.) 6 (deg.) m (mg) K (mJ/m?)
OD-OD 34 123.6 30 15.891
PF-PF 46 106.3 30 16.522

As is obvious in tables 4.2 and 4.3, the interaction energy (K) between a water
droplet and HCs is smaller than what was obtained between a water droplet and
homogeneous coatings. In other words, when the interaction energy between water

droplet and the coating shifts to smaller value, the sliding angle decreases. Consequently,
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the water droplet rolls off more easily|on that coate}i sample. So, this heterogeneity effect

results in an improved hydrophobicity of those coatings.

Table 4.4 presents the calculated values of interaction energy for the homo- and
HCs of different coated samples with OT (1 mM) and PF (6 mM) for 12 hours ITs. As is
shown in table 4.4, the interaction energy (K) between a water droplet and HCs is smaller
than what was obtained between a water droplet and homogeneous coatings. However, in
the case of HCs the interaction energy values are also not as low as those of the coated
samples prepared from OD related to the super-hydrophobic characteristic. As mentioned
before, this behavior highlights the increase of the steric effect that prevents well-

ordering of SAMs molecules on Al substrates [96].

Table 4. 4. The values of interaction energy value between a water droplet and
different coated sample.

Sample a (deg.) 6 (deg.) m (mg) K (mJ/m?)
OT-OT 58 101.1 30 18.472
PF-PF 46 106.3 30 16.522
OT-PF 44 95.2 30 14.307
PF-OT 42 97.6 30 14.092

4.5 Conclusion

Self-assembled mono-/multi-layers (SAMs) of three chemically different
alkylsilane compounds, i.e. OD (octadecyltrichlorosilane); OT (trichloro(octyl)silane)
and PF (1H,1H,2H,2H-perfluorooctyltrichlorosilane) were fabricated on flat aluminum

alloy (AA6061) surfaces as homo- and HCs. The wetting behavior of all coated samples
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at room temperature after increasing immersion time from 2 to 12 hours showed
improved hydrophobic properties, especially in the case of HCs. The surface energy
values, SEM/EDS and profilometry confirmed the heterogeneity effect that came from
dissimilar functions on coatings. The XPS results of homo- and HCs showed that
aluminum surfaces were covered with OD or PF molecules and that in the case of HCs;
they were covered by both OD and PF molecules. To further study and analyze the effect
of heterogeneity, the glass substrates replaced aluminum samples to avoid any possible
effect of surface roughening. This series of glass-substrate coating experiments moreover
proved the heterogeneity effect. To study the effect of chain length on coating
performance, the same alkyl chain length of PF was selected that was named here as OT.
However, it was shown that after 12 h of immersion time, the contact angle values of
prepared samples from OT thin layer were not as high as what was obtained from the OD
coating. This behavior originates from a decrease in the reactivity caused by the steric
effect on a polished aluminum surface. By applying the theoretical calculations, the
obtained results demonstrated that the interaction energy values decreased when the
aluminum substrates were coated with HCs. Accordingly, with all the empirical and
theoretical efforts conducted so far, it is possible to definitely conclude that there is a

heterogeneity effect on an aluminum surface that uses different functions (HCs).
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5. Introduction

According to our research objectives, the first step in preparing homogeneous and
HCs on aluminum alloy substrates was the deposition of self assembled monolayers
(SAMs) on Al surfaces. Experimental work and theoretical calculations have indeed
demonstrated the presence of the heterogeneity effect on an aluminum surface by
applying different hydrophobic functions (C-H and C-F). In the following steps,
chemically homogeneous and HC nanoparticles coatings of low surface-energy materials
on aluminum surface will be studied in more detail. More precisely, different chemical
materials such as Polyethylene (PE), Polystyrene (PS), polymethylmethacrylate (PMMA),
stearic acid (STA), polytetrafluoroethylene (PTFE), aluminum oxide (Al,O3) and zinc
oxide (ZnO) were used to prepare the abovementioned coatings. To study the
heterogeneity effect in this method, two different approaches are selected. First,
homogeneous coatings with similar functions including hydrocarbons or fluorocarbons
such as PE, PS, PMMA, STA and PTFE are prepared. HCs with dissimilar functions
comprising hydrocarbons and fluorocarbons, e.g. PE-PTFE, PS-PTFE, PMMA-PTFE and
STA-PTFE are fabricated on aluminum surfaces to study the heterogeneity effect.
Moreover, HCs made of hydrophobic and hydrophilic functions (hamely PE-ZnO and
PE-Al,O3) are prepared. These coatings are prepared to better understand the
heterogeneity effect, comparing them with heterogeneous PE-PTFE coatings with
different hydrophobic functions. For this purpose, the 100 nm-ZnO nanoparticles as well

as the 200 nm Al,O3 ones (similar in size to the PTFE ones) were used.
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5.1 Hydrophobic properties of homo- and heterogeneous
nanoparticles coatings

As indicated above, we started by preparing hydrophobic homogeneous
coatings with similar functions as well as hydrophobic HCs with dissimilar functions.
The homogeneous coatings of PE-spin, PTFE-spin and PTFE-immersion and the HCs of
PE+PTFE and PE-PTFE were prepared. The preparation of homogeneous and HCs on an
Al surface is described in chapter 3. Figure 5.1 shows the contact angle and CAH for the

above-mentioned coatings.

For the homogeneous coatings PE-spin, PTFE-spin and PTFE-immersion on a
polished aluminum surface, the contact angle values were ~ 100°, ~ 98° and ~ 133°
respectively. The significant contact angle difference between PTFE-immersion and the
two others could be due to surface roughening (see section 5.2 and table 5.1 below). In
addition, the large standard deviation displayed by the error bar in Figure 5.1 for PTFE-
immersion indicates a non-uniform coating which resulted from the irregular

accumulation of PTFE nanoparticles on an aluminum surface.

A significant enhancement of contact angle values (~ 134°) was observed for the
HC of PE-PTFE. In the case of HCs, the presence of PTFE nanoparticles on a PE-coated
aluminum surface resulted in surface roughening. Therefore, to concentrate only on the
heterogeneity effect and to avoid the surface roughening, the PE+PTFE coating on
aluminum sample was also prepared. More precisely, the PE+PTFE sample was prepared
from the deposition of a mixture of PE and PTFE nanoparticles on an aluminum surface.
This sample was only prepared to investigate the effect of the surface roughening and

heterogeneity effect. As shown in Figure 5.1, the existence of surface roughening in case
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of PE+PTFE coated aluminum sample resulted in a larger contact angle value of ~ 129°
compared to homogeneous coatings. This observation is due to surface roughening.
However, the CA value of PE-PTFE (~ 134°) was greater than that of PE+PTFE (~ 129°).
This may be due to the heterogeneity effect. Moreover, the CAH values are smaller for
PE-PTFE (~ 32°) than for homogeneous PE-spin and PTFE-immersion coatings and even
the PE+PTFE sample (~ 64°). Therefore, a small value of CAH is the most important

factor in the heterogeneity effect.
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Fig.5. 1. CA and CAH values of homogeneous and HCs made of PE and PTFE on
polished Al alloy 6061.
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5.2 Atomic force microscopy (AFM) analysis

To evaluate degree of surface roughening on aluminum sample coated with PTFE
nanoparticles, an AFM analysis has been conducted. Table 5.1 shows the root mean
square (Rms) roughness values for PTFE-spin, PTFE-immersion, PE+PTFE and PE-
PTFE coatings. The large Rms value for PTFE-immersion compared to PTFE-spin
confirms the much greater surface roughening on the Al surface. This phenomenon also
explains the larger contact angle value for PTFE-immersion than for PTFE-spin. It is
obvious that the Rms values of PE+PTFE and PE-PTFE are close together, although they
are somewhat larger for PE+PTFE than for PE-PTFE. However, the CA value of a
PE+PTFE coated aluminum sample was smaller than what was observed in the case of a
PE-PTFE coating. Meanwhile, the CAH value for a PE+PTFE coated aluminum sample
was much larger than for a PE-PTFE coating. The observed difference in CAH values of
such coatings was about 32°. Therefore, it is possible to say that in an AFM analysis,
contact angle and contact angle hysteresis measurements confirm again the effect of

heterogeneity or dissimilar functions (C-H and C-F) on polished aluminum surfaces.

Table 5. 1. The Rms roughness values (hm) of homogeneous and HCs.

Sample Root mean square (nm)
PTFE-spin 165.5 + 68.58
PTFE-immersion 432.27 £70.51
PE+PTFE 284.79 £ 173.14
PE-PTFE 239.85 * 145
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5.3 Effect of type of nanoparticles

5.3.1 CA and CAH measurements

In the previous section, the HC of PE-PTFE was prepared on aluminum
substrates from hydrophobic functions, e.g. hydrocarbon and fluorocarbon. The effect of
heterogeneity was proved from contact angle, contact angle hysteresis and AFM results.
In this section, different nanoparticles with hydrophilic properties such as ZnO were
applied on aluminum surfaces to prepare HCs with hydrophobic and hydrophilic
properties, e.g. PE-ZnO, in order to compare with PE-PTFE coatings. This type of HC, in
fact, has been prepared on an aluminum substrate to systematically study the

heterogeneity effect resulting from dissimilar hydrophobic functions.

Figure 5.2 demonstrates contact angle and CAH values of homogeneous coatings
of PE-spin, ZnO-spin and ZnO-immersion and the HCs of PE-ZnO and PE+ZnO. The
contact angle values for homogeneous coatings of PE-spin, ZnO-spin and ZnO-
immersion on polished aluminum surface were ~ 100°, ~ 84° and ~ 23°, respectively. As
shown in Figure 5.2, by changing the method of preparation from spin coating to
immersion method the contact angle values decreased from ~ 84° to ~ 23°, respectively.
The reason is probably surface roughening which was created by applying different

methods.

For heterogeneous nanoparticles coatings, Figure 5.2 shows an increase in the
contact angle value for PE-ZnO from ~ 100° to ~ 113° compared to PE-spin. The reason
for this slight enhancement of contact angle value for PE-ZnO is probably the roughness

effect from ZnO nanoparticles or the heterogeneity effect from applying hydrophobic and
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hydrophilic segments. However, the contact angle value for PE-ZnO (~ 113°) was
somewhat smaller than for PE-PTFE (~ 134°), whereas the CAH value for PE-ZnO (~ 62°)
was much larger than for PE-PTFE (~ 32°). So, it is obvious that applying various
hydrophobic functional groups including hydrocarbons and fluorocarbons is the most
important factor in the heterogeneity effect. On the other hand, a water molecule interacts
with hydrogen (-H) and fluorine (-F) atoms with different lengths and energy bonding at
the molecular level, so that, in a HC, these disparities in terms of energy bonding and
water molecule orientation lead to a simple slide of a water droplet on HCs [25-28]. As a
result, a simple slide of a water droplet on the surface is the most important factor in the
heterogeneity effect. Therefore, based on the obtained results, the heterogeneity effect
can been seen in the case of PE-PTFE sample having the much larger contact angle value
and much smaller CAH value, compared to the PE-ZnO sample. The reason for
enhanced contact angle value for PE-ZnO compared to homogeneous samples is the
roughness effect from the ZnO nanoparticles. In contrast, the CAH value for PE-ZnO
increased compared to homogeneous PE-spin and heterogeneous PE-PTFE. The reason
for this observation is the topological nature of the surface roughness which is of prime
importance in determining hydrophobicity [114-117]. It is worthy to mention that the
CAH values for homogeneous coatings of ZnO-spin and ZnO-immersion were more than
80°.

The difference between the contact angle values for PE+ZnO and PE+PTFE also
corresponds probably to the different size of ZnO (100 nm) and PTFE (200 nm)

nanoparticles.
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Fig.5. 2. CA and CAH values of homogeneous and HCs made of PE and ZnO.

5.3.2 Optical profilometry analysis

Table 5.2 shows the root mean square roughness values of ZnO-spin and ZnO-
immersion samples. By changing the method of preparation from spin coating to
immersion the rough structure on Al surface increased from 150.97 + 58.95 to 494.26 +
105.33 nm, while the contact angle values decreased from ~ 84° to ~ 23°. This fact is
explained very well in the case of hydrophilic surfaces: by increasing the roughness of
hydrophilic surface, their wettability properties will increase [117].

Table 5. 2. The Rms roughness values (nm) of homogeneous coatings of ZnO-spin
and ZnO-immersion.

Sample Root mean square (nm)
ZnO-spin 150.97 + 58.95
ZnO-immersion 494.26 + 105.33
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5.4 Effect of nanoparticles sizes

5.4.1 CA and CAH measurements

In order to better understand the observed results and establish the effect of
heterogeneity, another set of experiments was done. The Al,O3; nanoparticles with the
same size as the PTFE nanoparticles (200 nm) were replaced by the ZnO nanoparticles
(100 nm). This replacement was done to ignore any possible effect of surface roughening
due to the difference of nanoparticles size. The procedures to prepare coatings were
shown in detail in chapter 3. The procedure applied to prepare coatings of PE, PTFE and
Al,O3 is exactly the same as for homogeneous and HCs made of PE, PTFE and ZnO.
Figure 5.3 shows the contact angle and CAH values of the homogeneous and HCs made
of PE, PTFE and Al,O3 on polished Al substrates. The contact angle values for
homogeneous coatings of PE-spin, Al,Os-immersion, PTFE-spin and Al,Os-spin were ~
100°, ~ 11° ~ 97° and ~ 48°, respectively. Again, a considerable increase of the contact
angle value was observed for the HC of PE-PTFE ~ 134°. An increase in the contact
angle also was observed on case of PE-Al,O3 from ~ 100° to ~ 116° compared to
homogeneous PE-spin coating. It is clear that a decrease in the CAH value was also
obtained for HC of PE-PTFE (~ 32°), while the CAH values for homogeneous coatings of
PE-spin and PTFE- spin were ~ 46° and ~ 56°, respectively. It is indeed important to
highlight that the CAH value for HC of PE-AIl,O3; was larger than those obtained on
homogeneous (PE-spin and PTFE-spin) and heterogeneous PE-PTFE coating. This
enhanced CAH value for the PE-AIl,O3 sample is due to the roughness effect from the

Al,O3 nanoparticles. As discussed earlier in section 5.2 above, the reason for enhanced
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contact angle values in the case of the PE-Al,O3 sample is the roughness effect from the
Al,O3 nanoparticles. This fact is obvious from the Kurtosis values (Sku) that for the PE-
Al,O3 sample was 40.4 and for PE-PTFE sample was 14.1, indicating that the PE-Al,O5
sample is spikier. Therefore, the topography and rough structure results give a major
reason for the enhancement of contact angle value for the PE-Al,O3 sample. The
heterogeneity effect was furthermore confirmed by changing the nanoparticles and its
corresponding size, i.e. from ZnO (100 nm) to Al,O3 (200 nm), as it is comparable to the
PTFE size (200 nm). Therefore, it is possible to ignore the effect of size within tested

limits and consequently the effect of roughness on hydrophobic properties.
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Fig.5. 3. CA and CAH values of homogeneous and HCs made of PE, PTFE
and Al,Os.
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5.4.2 Optical profilometry analysis

Table 5.3 shows the root mean square (Sqg) roughness value from three different
points on homogeneous and HCs of PE-spin, PE-PTFE and PE-Al,O3. One sees that the
Sq value of the PE-spin coating is the smallest one compared to PE-PTFE and PE-Al,O3
coatings. In addition, the Sq value of the PE-Al,O3 coating is larger than that of the PE-
PTFE. Figure 5.4 shows the topography and rough structure of the PE-PTFE and PE-
Al,O3; samples. It is worth mentioning that with a large value of Sq in the case of PE-
Al,O3 sample, the wetting property, contact angle value, of the sample was not as large as
PE-PTFE sample. In other words, the contact angle value of the PE-PTFE sample is
much larger than that of coated aluminum with PE-Al,O3. The contact angle values of
PE-PTFE and PE-Al,O3 are ~ 134° and ~ 116°, respectively. This observation can be
related to the heterogeneity effect that arises from different lengths of hydrogen bonding:

-CHj; (from PE), -CF; (from PTFE), and various interaction energies.

Table 5. 3. The Rms of HCs of PE-PTFE and PE-AI,Os.

Sample Root mean square (nm)

PE-spin 108.3 + 8.6
PE-PTFE 398.85 + 145
PE-Al,O3 522.29 + 63
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Fig.5. 4. Profilometry images of PE-Al,O3 (a) and PE-PTFE (b).

5.5 Effect of various polymers

5.5.1 Contact angle (CA) measurements

To further study the heterogeneity effect on the wetting characteristic, different
types of polymer and organic material such as polystyrene (PS), polymethylmethacrylate
(PMMA) and stearic acid (STA) were used. These polymers were selected, in fact, to
study how different chemical structures affect on the heterogeneity. Before investigating
different types of polymer, several nanoparticles were studied. Figures 5.5 to 5.7 show
the contact angle values for homogeneous and HCs prepared from PS, PMMA and STA
with PTFE and Al,O3 nanoparticles. It can be seen that the CA values for homogeneous
coatings are smaller than for HCs. The CA values for the homogeneous coating of PS-
spin and PMMA-spin were ~ 95° and ~ 94°, respectively. Also, the contact angle values
for PS-PTFE and PMMA-PTFE (~ 120°) are larger than for PS-Al,Oz and PMMA-AI,Os
(~ 109°). On the other hand, the largest contact angle values were obtained for HCs of
PS-PTFE and PMMA-PTFE. Figures 5.5 and 5.6 show that the tendency of variation of

contact angle values is the same as for samples made of PE, PTFE and Al,O3. Again, the

84



observed results concerning the hydrophobic properties of HCs are due to dissimilar low

surface energy functions that were created by applying different materials.
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Fig.5. 5. CA values of homogeneous and HCs made of PS, PTFE and Al,O:s.

85



140

1203
120 - ™ 108.4

100 EIJ:._!?E -
80 -

601 45

Conmntact angle (deq.)

40

20 11.5
0 T D T T

PRMMA-2pin Al203 PTFE-spin  Al203-spin - PMMA-PTFE PMMA-AIZ03
Sample

Fig.5. 6. CA values of homogeneous and HCs made of PMMA, PTFE and Al,Os.

Different types of polymeric coatings including -CH3z or -CH, moieties were
studied so far. In this case, the -CH, and -CHj; groups were placed in a horizontal
orientation. In order to have a surface with a vertical branch of -CH, or -CH3 groups in
this part at first a self assembled monolayer was fabricated and then a coating of
nanoparticles was covered on them. By applying an organic fatty acid such as stearic acid
(STA), the CA value of homogeneous coating of STA-spin (~ 107°) was obtained. The
maximum contact angle value was obtained in case of HC of STA-PTFE (~ 125°) while
the CA value for the HC of SAT-AI,Ozwas ~ 114° (see Fig.5.8). Therefore, by changing
the PE to PS, PMMA and STA, these experiments confirmed accurately the mentioned

heterogeneity effect on polished aluminum samples.
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Fig.5. 7. CA values of homogeneous and HCs made of STA, PTFE and Al,Os.

5.5.2 Contact angle hysteresis (CAH) measurement

Table 5.4 shows the CAH values of homogeneous and HCs of PS, PMMA and
STA materials. It can be seen that the CAH values decreased in case of HCs of PS-PTFE,
PMMA-PTFE and STA-PTFE, as it was ~ 37° to ~ 40° while the CAH values for

homogeneous coatings of PS-Al,03, PMMA-AI,O3 and STA-AI,Os were ~ 68° to ~ 80°.
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Table 5. 4. The CAH values of homogeneous and HCs made of PS, PMMA and
STA materials.

Sample Contact angle hysteresis (CAH) (deg.)
PS 56+ 2.8
PS-PTFE 40t 2.8
PS-Al,03 68.51+ 4.9
PMMA 59+ 1.41
PMMA-PTFE 385t 4.9
PMMA-AI,O; 80.5+ 3.5
STA 51+ 1.4
STA-PTFE 375t 49
STA-AI,04 715+ 21

5.6 Surface energy calculation

Surface energy values of the coatings helps to study more accurately the effect of
heterogeneity on the hydrophobic properties of the prepared coatings. Table 5.5 presents
the free surface energy values of prepared coatings calculated following contact angle
measurements [20]. As it is evident in table 5.5, the HC nanoparticles coatings show
minimum values of surface energy compared to what was obtained for homogeneous
coatings. Furthermore, the smallest values of surface energy were obtained for HCs
including hydrocarbon and fluorocarbon such as PE-PTFE (2.84 + 0.39 mNm™) and

STA-PTFE (4.17 £ 0.25 mNm™).

In the case of HCs for instant PE-Al,O3; and PE-ZnO, the surface energy value

also decreased in comparison with homogeneous coatings, although we did not observe a
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significant decrease as what was obtained for HCs such as PE-PTFE. It is worth
mentioning that this reduction in surface energy values for HC of PE-Al;0O3; and PE-ZnO
samples is due to surface roughening which resulted from applying nanoparticles.
However, for PE-PTFE and STA-PTFE coated aluminum samples, the surface
roughening as well as the existence of C-F and C-H functions, spontaneously, caused a
further decrease in surface energy. Consequently, it can be concluded that applying
different functions of C-F and C-H on aluminum surfaces can definitely affect the
hydrophobic properties of samples as their surface energy values decreased further.

Table 5. 5. The surface energy values of homogeneous and heterogeneous
nanoparticles coatings.

Sample Surface energy (MNm™)
PE-spin 13.86 + 0.46
PTFE-spin 15.6 £0.57
ZnO-immersion 67.54 +0.70
Al,O3-spin 54.92 +1.61
Al,O3z-immersion 71.38+0.17
PE-PTFE 2.84 £0.39
PE-ZnO 6.98+0.4
PE-Al,O3 549 +0.35
PE+ PTFE 3.89+0.25
PE+ ZnO 4.36 +0.34
PE+AI,O3 4.15+0.26
PS-spin 16.2 +0.39
PS-PTFE 5.11+0.38
PS-Al,O;3 9.68 £ 0.50
PMMA-spin 16.98 + 0.56
PMMA-PTFE 4.83+0.48
PMMA-AI,O; 9.38 +0.46
STA-spin 9.73+0.59
STA-PTFE 4,17 £0.25
STA-Al,0; 71£05
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5.7 Scanning Electron Microscopy (SEM) analysis

Figures 5.8 and 5.9 show the scanning electron microscopy (SEM) images, at
different magnifications, of samples coated with PE-PTFE and PE-Al,O3, respectively.
These series of characterizations were conducted to investigate sample surface
morphology. The SEM images of a coated aluminum surface show a rough structure at
the micro-/nano-meter scale on a polished aluminum surface. As is shown in Figures 5.9
and 5.10, the surface morphology of aluminum samples coated with PE-PTFE and PE-
Al,O3 are similar as they reveal the propagated islands of nanoparticles in several areas
and spots. It is possible to conclude from these propagated islands observed in SEM
images that the PTFE and Al,O3; nanoparticles were agglomerated on the aluminum

surface and therefore, they did not cover the surface uniformly.

x160,000

20kl X1683B2 9. lvm

Fig.5. 8. Scanning electron microscopy (SEM) images of surface coated with PE-
PTFE, at 30, 300, 2000, 11000 and 160000 magnifications.
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Fig.5. 9. Scanning electron microscopy (SEM) images of surface coated with PE-
Al,O3, at 30, 300, 2000, 11000 and 160000 magnifications.

Although these series of heterogeneous nanoparticles coatings characterizations
proved the presence of the heterogeneity effect on aluminum samples, however, the SEM
analysis results showed that the nanoparticles did not cover the aluminum surface
uniformly. Therefore, it was decided to study another preparation technique of coating. In
fact the heterogeneous plasma coating through masks was selected to produce HCs. In

this way there was more control to prepare HCs and thus cover the surface uniformly.

5.8 Heterogeneity effect on the interaction energy between
coating and water molecules

As it was discussed previously in chapter 4, the heterogeneity effect can be
specified in theory by calculating the interaction energy between homogeneous or
heterogeneous SAMs coatings and water molecules. Subsequently in this chapter, to

estimate the interaction energy, the sliding angle of each coated sample was measured
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[102,103]. Table 5.6 illustrates the wvalues of calculated interaction energy of
homogeneous and heterogeneous nanoparticles coatings on aluminum surface described

by equation (5.1), [102]:

3 s sin@
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Table 5. 6. The values of interaction energy between a water droplet and a
homogeneous or heterogeneous nanoparticles coated surface.

Sample a (deg.) 0 (deg.) m (mg) K (mJ/m?)

PE-spin 45 97.7 45 19.532
PTFE-spin 55 87 45 20.564
PE-PTFE 28 119 30 12.520

PE-ZnO 52 96.5 45 21.524
PE-AI,O3 55 97 45 22.479
PE+ PTFE 50 104.4 30 17.249
PE+ ZnO 53 105.4 45 23.810
PE+Al,O3 50 109 45 23.738

According to the results of the calculation of interaction energy between a water
droplet and homogeneous and heterogeneous nanoparticles coatings, the smallest value of
interaction energy was obtained for PE-PTFE sample that is to say 14.6 mJ/m% This
small value of the interaction energy indicates a simple slide of a water droplet on HCs
prepared from dissimilar hydrophobic functions of C-H and C-F. When the interaction
energy between water droplet and the coating shifts to a smaller value, the sliding angle

decreases.
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5.9 Conclusions

In this research work, homogeneous and HC nanoparticles coatings of low surface-
energy materials with hydrophobic properties were prepared by the spin-coating method.
The contact angle and contact angle hysteresis measurements, surface energy value
calculation, optical profilometry and AFM analysis demonstrated the effect of
heterogeneity on aluminum substrates. Among different HCs prepared, the obtained
results showed that only the HCs prepared from dissimilar hydrophobic functions of C-H
and C-F can affect the hydrophobic characteristic of such coatings. In addition,
theoretical calculation of interaction energy between a water droplet and prepared HCs
confirmed the heterogeneity effect resulting from different hydrophobic functions.
According to the objectives of this research work, subsequently, the second approach in
preparing HCs, i.e. HC nanoparticles coating, demonstrated the effect of heterogeneity on

the improvement of hydrophobic properties of coatings.
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HYDROPHOBIC PROPERTIES OF HOMO- AND
HETEROGENEOUS PLASMA COATINGS
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sputtering coatings
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6.2 Surface energy

6.3 Surface characterizations
6.3.1 Scanning electron microscopy (SEM) analysis
6.3.2 Optical profilometry analysis
6.3.3 Atomic force microscopy (AFM) analysis

6.3.4 X-ray photoelectron spectroscopy (XPS) analysis
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water molecules
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6. Introduction

In the previous chapters, two approaches were used for preparing the coatings. In this
chapter, another method, using plasma sputtering coatings through masks on an
aluminum surface, will be studied. To prepare HC plasma coatings,
polytetrafluoroethylene (PTFE), were deposited through different copper gauzes as masks
of 20 and 60 meshes (corresponding to 0.41 mm and 0.19 mm in wire width) on
polyethylene (PE), polystyrene (PS) films. It is also important to mention that the
distance between two wires or the opening between each pair of meshes is 0.86 mm. The
plasma sputtering system and the process of fabrication of HC plasma coatings through
masks on Al surface was explained in detail in chapter 3. In fact, it is decided to study the
preparation of HC plasma coatings for two reasons. First, in this way there is more
control in the preparation of the coating and second, this method is well-known due to its
remarkably significant stability and durability [21,118,119]. To further study and
characterize the effect of heterogeneity, the AFM, profilometry, SEM and XPS analyses

are done on the surface coatings.

6.1 Hydrophobic properties of homo- and heterogeneous plasma
sputtering coatings

6.1.1 Contact angle (CA) measurement

In order to study the effect of heterogeneity on wettability of prepared coatings,
the CA and CAH values of a water droplet on the homogeneous and HC plasma sputtered

coatings were measured. Figure 6.1 shows the contact angle values of homogeneous and
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HC plasma sputtering coatings. The PS and PE coatings were prepared from 1 g PS in 50
ml toluene and 1 g PE in 50 ml toluene solutions (see chapter 3). To prepare the HCs,
PTFE as target material was used to deposit coating on a PE and PS coated Al surface
through different copper gauzes as masks of 20 and 60 meshes, corresponding to 0.41
mm and 0.19 mm in wire width, respectively. To prepare a homogeneous PTFE sample
which is shown in Figure 6.1, PTFE (0.19/0.41 mm), PTFE was deposited on a polished
aluminum surface through different copper gauzes as masks of 20 and 60 meshes. The

plasma sputtering conditions were explained in detail in chapter 3.
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Fig.6. 1. CA values of homogeneous and HC plasma coatings made of PE, PS and
PTFE.
As is evident in Figure 6.1 the CA values for homogeneous PE, PS and PTFE
coatings were ~ 100°, ~ 95° and ~ 98°, respectively. The contact angle values for both
HCs of PE-PTFE and PS-PTFE with both mask mesh sizes were between ~ 113° and ~

114°. The results obtained in Figure 6.1 show that the contact angle values of HCs are
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larger than those obtained in case of homogeneous coatings. To further study the

heterogeneity effect the CAH was measured as well.

6.1.2 Contact angle hysteresis (CAH) measurement

Figure 6.2 presents the CAH values of homogeneous and HC coated samples by
the plasma coating method. A decrease in CAH values was obtained in the case of HCs
of PE-PTFE (0.41 mm), PS-PTFE (0.41 mm), PE-PTFE (0.19 mm) and PS-PTFE (0.41
mm), as they were ~ 24°, ~ 25° ~ 27° and ~ 32°, respectively, whereas the CAH values

for homogeneous coatings were ~ 50-62°.

a0
; 70 625
LT}
=2 &0 {_ 53.5
n 485
2 50 B -
L]
E., 40 325
I’ 275 24 255
o 30
B 20 -
L)
5
u '“:l T
|:| T T T T T T
S PE ETFE PE-PTFE FE-PTTE P5-PTFE PS-PITE
(015 041mm) (0.19mm) (041 mm) (013 mm) (041 mm)
Sample

Fig.6. 2. CAH values of homogeneous and HC plasma sputtering coatings.
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For an in-depth study of the prepared coatings, in order to be able to interpret the
obtained results, the surface characterizations of these coatings have been done and will

be presented in the following sections.

6.2 Surface energy calculation

Table 6.1 presents the calculated surface energy values of prepared homogeneous
and HC ‘masked’ plasma coatings, using contact angle measurements. As it is obvious in
table 6.1, the HC masked plasma coatings show minimum values of surface energy
compared to what was obtained for homogeneous coatings. Since the smallest value of
surface energy for heterogeneous plasma coatings including hydrocarbon and
fluorocarbon was ~ 6 (mMNm™), it can be concluded that the presence of dissimilar
functions of C-F and C-H on aluminum surfaces have an effect on the hydrophobic
properties of HCs compared to applying only one of C-F or C-H.

Table 6. 1. The surface energy values of homogeneous and HC
‘masked’ plasma coatings.

Sample Surface energy (mNm™)
oE-opin 13.86 + 0.46
oS spin 16.2+0.39
PE-PTFE (0.19 mm) 663042
PE-PTFE (0.41 mm) 6.78£0.39
PS-PTFE (0.19 mm) 6.650.16
6.7 +0.21

PS-PTFE (0.41 mm)
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6.3 Surface characterizations

6.3.1 Scanning Electron Microscopy (SEM) analysis

Figure 6.3 shows the SEM images of a homogeneous PE coating at two different
magnifications (300 x and 11000 x ). These images indicate the smooth surface
morphology of the PE coating. However, a small number of scattered white points in

figure 6.3 (a) are related to contamination.

x11.0k SE(M)

Fig.6. 3. Scanning electron microscopy (SEM) images of PE coating on aluminum
alloy at a) 300, b) 11000 magnifications.

After studying and characterizing the homogeneous PE coating, it is logical to
compare these results with those obtained for the HC PE-PTFE sample. So, the SEM
analysis.of PE-PTFE sample was done. Figures 6.4 and 6.5 show the scanning electron
microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDS) images of
heterogeneous sample coated PS-PTFE (0.41 mm) through a mask by the plasma
sputtering method at different magnifications. The SEM images of the coated surface
show a distribution of white points at the micrometer scale on the surface (see fig. 6.4).

Many attempts have been made by various available vacuum chamber modes here at
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CURAL to obtain clear SEM images of PTFE on a flat aluminum surface. However, it
was almost impossible to have a clear image due to interaction between the PTFE coating
and the electron beam. Finally after keeping the sample overnight at high vacuum with
special operating adjustments, a few spots of PTFE (whitish point in Figure 6.5) at 18000
magnifications were detected and observed. This set of experiments was carried out to
investigate further the chemical composition of the observed white points existing on the
surfaces. As is evident in Figure 6.4, spectra numbers 1 and 2 show the high percentage
of F element on the surface which relates to the presence of PTFE. Moreover, this series

of experiments confirms the production of a HC by plasma-mask coating.

Fig.6. 4. Scanning electron microscopy (SEM) images of plasma-PS-PTFE coating at
a) 500, b) 1500 and c) 18000 magnifications.
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Fig.6. 5. The SEM image of plasma-PS-PTFE coating at 8000 magnification with
EDS spectrum (percentage).

6.3.2 Optical profilometry analysis

Figure 6.6 (a and b) present optical profilometry images of a PS sample and a
heterogeneous plasma-coated PS-PTFE (0.41 mm) sample through a mask. The surface
morphology of the PS sample obtained by optical profilometry measurements shows
some scattered peaks on the surface which could be related to contamination. The
heterogeneous PS-PTFE sample demonstrates a rough structure at micro-/nano-meter
scale on a polished aluminum surface. This micro-/nano-scale roughness was obtained by
deposition of fluoro polymer on PS coating through copper gauzes, used as a mask of 20
meshes, corresponding to 0.41 mm in wire width. If the image (a) is compared with (b), it
can be found that the greater number of rough structures on the heterogeneous surface is
related to the deposition of a fluoro polymer. The optical profilometry analysis gave an
overall Z-axis of about 778.6 nm and 800 nm for PS and PS-PTFE coatings, respectively.

Moreover, the value of measured roughness (Sq) by profilometry was 22.8 nm and 50.00
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nm, for PS and PS-PTFE coatings, respectively. Parts 1 and 2 in Figure 6.6 (b) will be

described in more detail in the next section.

X:173.7 um
Y:1292 um
Z:778.6nm

(a)

X:855.6 um '\,
Y: 636.4 Lm i

Fig.6. 6. Optical profilometry images of PS sample (a) and heterogeneous PS-PTFE
(0.41 mm) coated sample (b) via plasma sputtering method.

6.3.3 Atomic force microscopy (AFM) analysis

Figure 6.7 (a-c) shows the AFM images of plasma-coated PS-PTFE (0.41 mm)
through a mask. Figure 6.7 (a) possibly demonstrates the part of surface between each pair
of meshes (part 1) and the surface under the wire of meshes (part 2). Figure 6.7 (b) could

be related to the surface under the wire of meshes. Figure 6.7 (c) possibly shows the
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surface between each pair of meshes. The AFM results are almost consistent with the SEM
and profilometry results, since Figure 6.7 (c) probably has the same white points and
scattered peaks seen in Figures 6.6 (b) and 6.4 (c). Figure 6.7 (a and b) are in accordance
with profilometry images. If Figure 6.6 (b) (see parts 1 and 2) is considered again carefully,
it is in agreement with 6.7 (a), since the value of Rms obtained by the AFM machine

(53.037 nm) is obviously close to that measured via profilometry technique (50 nm).

Spm
Z 1470.705 nm

Rq 66.710 nm

10pm
Z 1888.152 nm

Rq 116.45 nm

Fig.6. 7. AFM images of three different points of PS-PTFE sample.
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6.3.4 X-ray photoelectron spectroscopy (XPS) analysis

Table 6.2 illustrates XPS analysis results of the HC of PS-PTFE (0.41 mm). It is
clear from this analysis that the CF, and C-CFx molecules indicate the attendance of
fluoropolymer compounds (such as PTFE) on a homogeneous PS coated aluminum
substrate. The greater percentage of CF, on PS coated aluminum substrate corresponds to
the amount of C-F bondings created by plasma deposition which appeared like hills
through a mask (See Figure 6.6 (b)). The presence of (-CF,CH>-) » molecules specifies
the HC of PS-PTFE on aluminum substrate. The C-C bond and (CH,CH,) , molecules
indicate the presence of PS polymer, used as an under layer on aluminum substrate.

These XPS results show that the aluminum surfaces were covered with PS and PTFE.

Table 6. 2. XPS results of PS-PTFE (0.41 mm) on Al surface.

Component CF, (CF,CHy), C-CFy Cc-C (CH,CHy),,

Percentage 34.08 16.54 42.00 4.67 2.72

In order to investigate the origin of small value of CAH of HCs and to study if it
comes from the variation of roughness due to plasma sputtering coating, we will study the

effect of roughness of Teflon sputtering film on the results of contact angle and CAH.

6.4 Investigation of surface roughness effect

To investigate the rough structure of the prepared HCs by the plasma sputtering
method, a new series of experiments was conducted. For this study, the following

samples were prepared. A Teflon® substrate had two-step plasma PTFE sputtering
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coating. The prepared sample after the first step of plasma PTFE sputtering is called
Teflon 1 and after the second step of plasma PTFE sputtering, Teflon 2. In the second
step Teflon 1 is plasma-sputtered without using masks. It is important to mention that the
Teflon sample was used to double check and further study the presence and effect of
surface roughening on hydrophobic properties. A PS coated Al surface sample with
subsequent (after two steps) PTFE coating was prepared by plasma-sputtering. These
prepared samples were either with or without any copper gauze as a mask. The samples
of plasma-sputtering on a PS coated aluminum surface without mask are called Sample 1
and Sample 2. In the second step Samples 1 and 2 are plasma-sputtered using masks of
mesh sizes of 0.19 and 0.41 mm, respectively, and are then named Sample 3 and Sample
4, respectively. As was described in Chapter 3, the distance between the target (Teflon®)
and the substrates (aluminum) was set at 30 cm. After being evacuated to a base pressure
of 2.0x10° Torr, argon gases were admitted into the chamber. The flow rate of the
sputtering gas was controlled by an MKS mass flow controller (MFC) and set at 50
standard cubic centimeters per minute (sccm). The aluminum surface was pre-cleaned
and pre-activated in 75W plasma argon for 5 min. The sputtering deposition process was
carried out under 75W RF power for 20 min at 20mTorr. Figure 6.8 shows the CA and
CAH values of Teflon 1 and PS coatings which were coated with plasma-sputtered
polytetrafluoroethylene (Samples 1 and 2). The contact angle and CAH values of
heterogeneous PS-PTFE coating without mesh were ~ 107° and ~ 41°, respectively. The
contact angle and CAH values of Teflon 1 were ~ 111° and ~ 56°, respectively. To study
the rough structure on the prepared coatings which probably resulted from the plasma

method, Samples 1 and 2 were coated again via plasma method through mask. Figure 6.9
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shows the contact angle and CAH values after the second step of plasma-spattering. As
mentioned before, Samples 1 and 2 are plasma- sputtered using masks of mesh sizes of
0.19 and 0.41 mm, respectively and are named Sample 3 and Sample 4. As seen in Figure
6.9, the contact angle values of plasma coatings through a mask (Samples 3 and 4) and
the Teflon 2 sample were ~ 109.5°, ~ 109.8° and ~ 110°, respectively. The CAH values of
Teflon 2, Sample 3 and Sample 4 were ~ 41°, ~ 49° and ~ 41°. If the obtained results are
compared to heterogeneous plasma coatings without a mask, the contact angle and CAH
values do not change significantly (see Figure 6.8). So, it can be concluded that the rough
structure on the surface created by applying the plasma sputtering method did not have

any effect on the hydrophobic properties of the prepared HCs.
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Fig.6. 8. CA and CAH values of plasma-sputtering on Teflon and PS
coatings without mesh.
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Fig.6. 9. CA and CAH values of plasma-sputtering on Teflon 1 and
(Sample 1 and 2 with mesh).

Also, if Figure 6.8 is compared with Figures 6.1 and 6.2, the CA and CAH values
of prepared HCs without using a mask were ~ 107° and ~ 41°, respectively, while in the
case of prepared HCs using a mask the contact angle values were ~ 113° and ~ 114° and
the CAH values were ~ 24°-32°. Therefore, it can be concluded that by using copper
gauze as a mask it is possible to have more control preparing a HC and thus covering the
surface periodically. In other words, this observation confirms the importance of the
method of preparation of HCs. In order to further study the effect of roughness on

hydrophobic properties an optical profilometry analysis was performed.
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6.4.1 Optical profilometry analysis

Figure 6.10 (a and b) shows the optical profilometry images of Sample 2 (a) and
Sample 4 (b). The root mean square (Sq) of Sample 2 showed a value of 24.6 nm, while
for Sample 4 the Sq value was 47.6 nm. A difference of Sq value about 23 nm was
observed between Sample 2 and Sample 4. However, the value of Sq or created rough
structure on the coating did not have any significant effect on hydrophobic properties of
HCs, as the contact angle values did not increase and CAH values did not decrease,

considerably (see Figures 6.8 and 6.9).

Fig.6. 10. Optical profilometry images of Sample 2 (a) and Sample 4 via plasma
method (b).
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In addition, the results obtained from the profilometry analysis give a major reason
for the enhancement of contact angle values (~ 113° and ~ 114°) and the decrease in CAH
values (~ 24°-32°) compared to Figure 6.8; there is a heterogeneity effect created by the

plasma method through a mask.

6.5 Heterogeneity effect on the interaction energy between coating
and water molecules

To determine the heterogeneity effect the interaction energy between coatings
prepared by the plasma sputtering method and water droplet was calculated. As
mentioned in chapters 4 and 5 the interaction energy values of homogeneous and HCs on

aluminum surface were calculated by the following equation (6.1), [102]:

3 % % o
KA_{p[2—3cose+cos Qﬂ %(mj sina (6.1)

3 Vs sin@

Table 6. 3. The values of interaction energy between a water droplet and a
homogeneous or heterogeneous “masked” plasma coating.

a (deg.) 6 (deg.) m (mg) K (mJ/m?)
Sample
PE-spin 45 95.7 45 19.171
PS-spin 50 91 45 19.908
PTFE 46 90.5 45 18.612
PE-PTFE 18 100 45 8.726
PS-PTFE 20 98 45 9.474
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As is obvious in table 6.2 the smallest value of the interaction energy was
obtained for heterogeneous PE-PTFE and PS-PTFE coatings. The interaction energy
value for homogeneous coatings of PE-spin and PS-spin were 18.79 and 19.5 mJ/m?,
respectively. A considerable decrease of interaction energy values was observed for the
HCs of PE-PTFE and PS-PTFE as 8.3 and 9.2 mJ/m?, respectively. Therefore, the
obtained results from empirical and theoretical efforts in this section definitely confirmed
the heterogeneity effect resulting from dissimilar hydrophobic functions of C-H and C-F

on the hydrophobicity of such coatings.

6.6 Conclusions

A third method of preparing HCs, by a plasma method through a mask, was used

and investigated. This method was chosen with three aims in mind:

(1) To prove the heterogeneity effect, based on the objectives of this research work;

(2) To have more control of the fabrication of HCs, while covering the surface
periodically; this aim was achieved by using the copper gauze as a mask on the
homogeneous PE and PS coatings before applying the RF-sputtered PTFE
coating.

(3) To reduce or even avoid the effect of roughness on the hydrophobic properties of
a HC and thus focus only on the heterogeneity effect resulting from dissimilar

hydrophobic functions.

To achieve these aims the wetting behavior, surface morphology and chemical

characterization of homo- and heterogeneous plasma coatings through a mask were
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studied and investigated. All the characterizations proved the heterogeneity effect on
the hydrophobic properties of prepared HCs by a plasma sputtering method through a
mask. Furthermore, the surface morphology of HCs showed that the roughness of
sputtered PTFE coating did not have a significant influence on hydrophobic properties.
Therefore, all the three methods of preparing HCs indicated the presence of the

heterogeneity effect to improve hydrophobic properties, so far.

In the following chapter, the heterogeneity effect on icephobic properties of
prepared HCs via SAMs, nanoparticles and plasma through a mask will be studied. The
durability of HCs against icing-de-icing cycles, UV exposure, immersion in distilled

water and different pH solutions will be investigated.
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CHAPTER VII

ICEPHOBIC PROPERTIES AND DURABILITY OF HOMO-
AND HETEROGENEOUS COATINGS
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7. Introduction

In the present chapter, we study the icephobic properties and the ageing of prepared
coatings under UV degradation, in various pH solutions and over successive icing/de-
icing cycles. To do this, an attempt is made to reduce the strength of adhesion of ice to
the surfaces by applying icephobic coatings. The durability of coated samples under UV
degradation and in various pH solutions is evaluated by contact angle measurement. In
the meantime, the contact angle values (as a function of the number of icing/de-icing

cycles) were measured after each icing/de-icing cycle on the coated samples. The XPS

analyses are used to characterize the surface coatings.

7.1 Ice adhesion tests for homo- and HCs

7.1.1 SAMs coatings

The ice adhesion tests were carried out on homo- and heterogeneous coated
samples under the conditions explained in detail in Section 3.7. Table 7.1 presents the
values for the shear stress of ice detachment and the ice adhesion reduction factor (ARF)
for coated samples of OD-OD, PF-PF, OD-PF and PF-OD.

Table 7. 1. The shear stress of ice detachment and ARF values of homo- and
heterogeneous SAMs coatings with 6 h IT.

Sample Shear stress of ice ARF
detachment (kPa)
Polished Al 226.5+ 27 1
OD-OD 193.7 £ 20 1.16 £0.12
PF-PF 211.2+19 1.07 £ 0.09
OD-PF 145.9 + 13 1.55+0.13
PF-OD 152.2 £ 16 1.48 +0.15
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This table shows that the initial shear stress values of ice detachment for the
heterogeneous coated samples (OD-PF and PF-OD) are lower than those for the
homogeneous ones (OD-OD and PF-PF). Also, the ice adhesion reduction factor (ARF) for
all samples demonstrates that the ice adhesion strength values are ~ 1.1 (homogeneous case)
and ~ 1.5 times (heterogeneous case) lower than those obtained on a polished aluminum
sample. That is, the ARF values for HCs are larger than for homogeneous coatings. This

observation is another proof of the heterogeneity effect.

As was mentioned in Chapter 4, by increasing the immersion time (IT), the
efficiency of formation of SAMs on a surface can be described in terms of order degree of
self assemble monolayer and thus the surface coverage [91-93]. It was also observed in
Chapter 4, that by increasing the IT from 6h to 12h, the aluminum surfaces coated with PF-
OD and OD-PF became super-hydrophobic. Now, it is well-known that super-hydrophobic
surfaces with low wetting hysteresis (CAH) are in fact icephobic surfaces [15]. Therefore,
in this chapter, to study the effect of IT on icephobic properties, the ice adhesion tests were
done on prepared homo- and heterogeneous SAMs coatings for 12 h IT. Table 7.2 shows
the values for the shear stress of ice detachment and the ice adhesion reduction factor (ARF)
of homo- and heterogeneous coated samples of OD-OD, PF-PF, OD-PF and PF-OD for 12
h IT. The ARF values for homo- and HCs show that the ice adhesion strength is ~ 1.5 and
~ 3 times lower than that obtained on a polished Al sample, respectively. In addition, these
results for 12 h IT showed a greater reduction of ice adhesion compared to all prepared
samples for 6 h IT. This reduced ice adhesion strength can be resulted from well ordered
SAMs fabrications on the aluminum oxide layer as well as more rougher aluminum

substrate compared to a shorter immersion time [61,91-93,95].
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Table 7. 2. The shear stress of ice detachment and ARF values of homo- and
heterogeneous SAMs coatings with 12 h IT.

Sample Shear stress of ice ARF
detachment (kPa)
Polished Al 226.5 £ 27 1
OD-0OD 1772+ 15 153+£0.1
PF-PF 195.2 £ 16 1.43 £0.09
OD-PF 715x15 3.1+£0.7
PF-OD 95.6 £ 13 2.37£0.32

As was described in Chapter 4, to further study wetting and icephobic properties
of HCs, trichloro(octyl)silane (OT) with 8 carbons as a different alkyl chain length has
been chosen. The icephobic properties of all coated samples prepared from OT (1 mM)
and PF (6 mM) for 12 h immersion time are shown in table 7.3. This table shows that the
shear stress of ice detachment values of heterogeneous samples (OT-PF and PF-OT) are
lower than those of homogeneous coated samples of OT-OT and PF-PF. The ice adhesion
reduction factor (ARF) of all homo- and heterogeneous samples also show the ice
adhesion strength to be ~ 1.1 and ~ 1.2 times lower than those obtained on the polished
bare aluminum sample, respectively.

Table 7. 3. The shear stress of ice detachment values and ARF values of homo- and
HCs prepared from OT (ImM) and PF (6 mM) for 12 h IT.

Sample Shear stress of ice ARE
detachment (kPa)
Polished Al 226.5 + 27 1
OT-OT 213.1+12 1.04 £0.06
PF-PF 195.2 £ 16 1.11+£0.09
OT-PF 169.5 + 15 1.22+0.11
PF-OT 182.1 +13 1.18 +0.08
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However, the shear stress of ice detachment values were not observed to be as
small as those obtained in the case of coated samples prepared from OD for 12 h IT. This
behavior highlights the increase of the steric effect that prevents well-ordering of SAMs

molecules on aluminum substrates, as explained in chapter 4 [96].

Since the project aims in studying and developing HCs on aluminum alloy
substrates which would reduce ice accumulation, therefore, their durability in terms of
repeated icing/de-icing conditions similar to real conditions was considered as well. In
order to study the durability of prepared coated samples, the shear stress of ice
detachment of homo- and heterogeneous SAMs coatings as a function of the number of

icing/de-icing cycles is presented in the following section.

7.1.2 Durability of SAMSs coatings

In order to evaluate the durability of homo- and heterogeneous SAMs coatings for
6h IT, one sample was subjected to 9 successive icing/de-icing cycles. It can be seen in
Figure 7.1 that the ice-releasing performance of the coated samples somewhat
deteriorated over 9 icing/de-icing cycles. After 9 cycles the values of shear stress of ice
detachment are close to those obtained on polished aluminum surface. This can be
explained by some damage to the coatings caused by icing/de-icing. The hydrophobic

properties of those surfaces were evaluated after each icing/de-icing cycle (see Fig. 7.2).
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Fig.7. 1. Shear stress of ice detachment vs. number of icing/de-icing cycles for
different prepared samples with 6h IT. The numbers mentioned are the first values
of shear stress of ice detachment.

Figure 7.2 shows the contact angle and CAH values of homo- and heterogeneous
SAMs coatings for 6 h IT after a number of icing/de-icing cycles. After 9 cycles, the
contact angle values of the homogeneous coated samples of OD-OD decreased from ~
141° to ~ 112° and in the case of PF-PF decreased from ~ 121° to ~ 99°. The contact
angle values of the heterogeneous samples of OD-PF and PF-OD decreased from ~ 150°
to ~ 114° and the CAH values in the case of all coated samples increased to ~ 50-70°.
Therefore, all coated samples showed a reduction in contact angle values after a certain
number of icing/de-icing cycles. This observation confirms that the coated surfaces were

partially damaged and removed during icing/de-icing experiments.
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Fig.7. 2. CA and CAH values of coated samples for 6h IT after 9 icing/de-icing
cycles.

Figure 7.3 presents the shear stress of ice detachment values of homo- and
heterogeneous coated samples with 12h IT as a function of icing/de-icing cycles, in order
to study the durability of coated samples. For each coating in question, one sample was
subjected to 12 consecutive icing/de-icing cycles. It is evident from Figure 7.3 that the
anti-ice performance of the coated samples slightly degraded after 12 icing/de-icing cycles.
This can be explained by partial damage to the coatings caused by the icing/de-icing
experiment and ice-removal step. Moreover, it can be seen in Figure 7.3 that after 12
cycles the values of shear stress of ice detachment of homogeneous samples are close to

those obtained on polished aluminum surface. However, the shear stress of ice detachment
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values of HCs compared to homogeneous samples after 12 cycles

obtained on polished aluminum surface.
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Fig.7. 3. Shear stress of ice detachment vs. icing/de-icing cycle number of different
prepared samples, OD (1mM) and PF (6mM) for 12 h IT. The numbers mentioned
are the first values of shear stress of ice detachment.

The hydrophobic properties of homo- and HCs after 12 cycles of icing/de-icing

are presented in Figure 7.4. The contact angle values of OD-OD and PF-PF samples (12 h

immersion time) decreased from ~ 141° and ~ 121° respectively, to ~ 109°, and the

contact angle values of HCs of OD-PF and PF-OD decreased from ~ 160° and ~ 154 ° to

~122°. The CAH values of homo- and HCs for the 12 h IT increased to ~ 40-70°.

This reduction in contact angle values after 12 icing/de-icing cycles confirms the

partial deterioration and damage of coated surfaces during icing/de-icing experiments.
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Fig.7. 4. CA and CAH values for coated samples for 12 h ITs after 12 icing/de-
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Figure 7.5 illustrates shear stress values of ice detachment after 7 icing/de-icing cycles

for homo- and heterogeneous coated samples of OT (ImM) and PF (6mM) for 12 h IT.
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Fig.7. 5. Shear stress of ice detachment vs. number of icing/de-icing cycles for
different prepared samples, OT (1mM) and PF (6mM) for 12 IT. The numbers
mentioned are the first values of shear stress of ice detachment.
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As is shown in Figure 7.5 the anti-ice performance of the coated samples
deteriorated after 7 icing/de-icing cycles. If it is compared to homo- and heterogeneous
samples prepared from OD (1mM) and PF (6mM) for 6 and 12 h IT, their durability is
lowest. The reason is again the increase of the steric effect that happens by applying OT

molecules instead of OD molecules [96].

Figure 7.6 shows the contact angle values after 7 icing/de-icing cycles for homo-
and HCs of OT (1mM) and PF (6 mM) with 12 h IT. The CA values of OD-OD and PF-
PF samples (12 h IT) decreased from ~ 124° and ~ 118°to ~ 100° and ~ 105°, respectively.

Meanwhile, the CAH values of all coated samples increased to more than 60°.
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Fig.7. 6. CA values for samples with 12 h ITs after 7 icing/de-icing cycles.

7.1.3 Nanoparticles coatings
Ice adhesion tests were carried out on homo- and HC nanoparticles coatings.

Table 7.4 shows the values of shear stress of ice detachment and the ice adhesion
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reduction factor (ARF) of homogeneous PE, PS and PMMA and HCs made of PE, PS and

PMMA coated with nanoparticles of PTFE and Al,Os, separately.

Table 7. 4. The shear stress of ice detachment and ARF values of homo- and HCs

prepared with PE, PS, PMMA, PTFE and Al,O:s.

Sample Shear stress of ice detachment ARF
(kPa)
Polished Al 2515+ 27 1
PE-spin 220.8 £19.3 1.14+0.1
PE-PTFE 190.7 + 34 1.32+0.24
PE-AI,O; 235+19 1.06 £ 0.087
PS-spin 232.3+14.9 1.08 £ 0.069
PS-PTFE 199.3+ 31.2 1.26 £0.2
PS-Al,O3 243.7+114 1.03+£0.04
PMMA-spin 228.2+12.9 1.1+0.06
PMMA-PTFE 189.3+44.4 1.32+0.33
PMMA-AI,O3 237.1 £ 14.49 1.05 £ 0.065

The table above shows that the shear stress values of ice detachment for HCs of
PE-PTFE, PS-PTFE and PMMA-PTFE are smaller than for homogeneous (PE, PS, and
PMMA) and HC coated samples of PE-Al,03, PS-Al,O3 and PMMA-AI,O3. Also, the ice
adhesion reduction factor (ARF) of all homo- and heterogeneous samples shows that the
ice adhesion strength values are at least ~ 1.03 and ~ 1.3 times lower than those obtained
on polished aluminum samples, respectively. It is indeed evident in Table 7.4 that the
values for the shear stress of ice detachment for the PE-Al,O3, PS-Al,0; and PMMA-

Al,O3 are greater than those for the homogeneous coatings PE, PS, and PMMA. It is
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worthy to mention that the shear stress values of ice detachment for the PE+Al,O3 and
PE+PTFE samples were generally greater than those obtained on polished aluminum
samples. This fact is obvious from the CAH values of homo- and HCs made with PE,
PTFE and Al,O3. Thus, the CAH values for the HCs of PE-AIl,O3, PE+AIl,O3; and
PE+PTFE samples were greater than for the homo- and HCs of PE-spin and PE-PTFE,
respectively. This is therefore in agreement with the values of the shear stress of ice
detachment [15]. As was mentioned in Chapter 5, the reason for the enhanced CAH
values in the case of the PE-Al,O3, PE+Al,O; and PE+PTFE compared to homogeneous
samples is the topological nature of the surface roughness which is of prime importance

in determining hydrophobicity [112-116].

Chapter 5 mentioned several types of polymeric coatings including -CH3 or -CH,
moieties which were placed in a horizontal orientation. In order to have a surface with a
vertical branch of -CH, or -CHj3 groups, self assembled monolayers (SAMs) were used
and then a layer of nanoparticles were placed on them. Therefore, the STA was chosen to
have different positions of the -CH, or -CH3 groups, in order to see any influence on the
heterogeneity effect. Table 7.5 shows values for the shear stress of ice detachment and
the ice adhesion reduction factor (ARF) of homogeneous and HCs made of STA, STA-
PTFE and STA- Al,O3. The ice adhesion reduction factor (ARF) of all homo- and HCs
shows that the ice adhesion strength values are at least ~ 1.1 and ~ 1.7 times lower than
those obtained on a polished aluminum sample, respectively. The shear stress of ice
detachment of the STA-PTFE sample is lower than the homogeneous coating STA-spin
and the STA-AI,O3 sample. The ice adhesion strength of the STA-Al,O3 sample is greater

than that of the homogeneous STA coating. This behavior was explained earlier [15].
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Therefore, by changing the coating including a horizontal orientation of -CH, or -CHjs
moieties with a coating including vertical branch of -CH, or -CHs; groups, the

heterogeneity effect was observed.

Table 7. 5. The shear stress of ice detachment and ARF values of prepared
samples from STA, PTFE and Al,O3.

Sample Shear stress of ice detachment ARF
(kPa)
Polished Al 2515+ 27 1
STA-spin 1855+ 17.1 1.35+0.12
STA-PTFE 1415+ 15.6 1.78 +0.19
STA-Al,O; 218.6 £10.1 1.15+0.05

7.1.4 Durability of nanoparticles coatings

In order to study the durability of prepared homo- and heterogeneous
nanoparticles coatings, the shear stress of ice detachment of homo- and HCs as a function
of icing/de-icing cycles was evaluated. However, the durability of HCs in terms of anti-
ice performance over time is very short, because the coated samples deteriorated after 2
icing/de-icing cycles in the case of prepared samples of PE, PS and PMMA. Table 7.6
and Figure 7.7 show the XPS analysis results of the PE-PTFE sample before and after 2
icing/de-icing cycles. The table shows that the percentage of spectrum F1s is 26.4% before
icing/de-icing but only 10.10% after two icing/de-icing cycles. This means that after
icing/de-icing twice, the PTFE nanoparticles were partially removed during the

experiments (see Fig. 7.8).
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Table 7. 6. XPS results of PE-PTFE sample before and after two icing/de-icing

cycles.
Element C1s% Fls% 0 1s % Si 2p %
Before icing/de- 68.30 26.41 2.86 2.18
icing
After 2 times 83.37 10.10 5.26 1.28
icing/de-icing
F1s
C1s
L, O1s Si2p
I — | ) '
a) Before icing/de-icig W, _s'_z_f{
Fis C1s
" -
o) IE}.‘J‘Is
b
ey L "*_M'MH\A SiZp
b) After icing/de-icig {__si2s '

St s

Fig.7. 7. Survey XPS spectra of PE-PTFE sample before and after icing/de-icing.

Figure 7.7 also confirms that in case of HC the PTFE nanoparticles were removed
during icing/de-icing experiments. As is evident in Figure 7.7, the intensity of the F1s peak for

PE-PTFE sample before icing/de-icing tests (Fig. 7.7a) is more than the intensity of the F1s

peak after icing/de-icing tests (Fig. 7.7b).
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Fig.7. 8. Image of heterogeneous PE-PTFE sample before (a), and after two
icing/de-icing cycles (b).

Figure 7.9 shows shear stress values of ice detachment of homo- and HCs prepared
with STA, PTFE and Al,O;. For each coating studied, one sample was subjected to 4
successive icing/de-icing cycles. It can be seen in Figure 7.9 that the anti-ice performance of
the coated samples was destroyed after 4 icing/de-icing cycles. This can be explained by some

damage to the coatings caused by several icing/de-icing cycles.
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Fig.7. 9. Shear stress of ice detachment vs. number of icing/de-icing cycles for
various prepared samples (STA, STA-PTFE and STA- Al,O3).
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Table 7.7 shows the CA values of prepared homogeneous and HC samples of PE, PS,
PMMA and STA before and after the icing/de-icing test. However, the durability of HCs in
terms of anti-ice performance over time is very short, because the coated samples deteriorated
after 2 icing/de-icing cycles in the case of prepared samples of PE, PS and PMMA. The
contact angle values of homo- and HCs prepared with STA, PTFE and Al,O3 decreased to ~
95°-100° after four icing/de-icing cycles. This reduction in CA values after two icing/de-icing
cycles confirms that in the case of HCs the PTFE and Al,O3; nanoparticles were removed
during the icing/de-icing experiments. This was observed visually (see Fig. 7.8) as well.

Table 7. 7. CA values of homo- and HC samples of PE, PS, PMMA before and after
icing/de-icing twice and STA before and after four icing/de-icing tests.

Sample CA \{a_lue (deg.) before CA _vqlue (de_g_.) after
icing/de-icing icing/de-icing
PE-spin 100 £ 0.36 97.1+£1.85
PE-PTFE 129.6 + 0.6 96 +1.67
PE-Al,O3 116.2+2.1 95.7+1.2
PS-spin 95.3+0.6 90.2+24
PS-PTFE 119.4 + 0.7 96.5+3.8
PS-Al,O3 109.5+0.8 88.7+1.7
PMMA-spin 94.2+0.91 88.2+25
PMMA-PTFE 120.3 +0.94 89.7+45
PMMA-AI,O3 108.4 + 0.95 88.8+19
STA-spin 107.7+1.4 959+26
STA-PTFE 1258+1.2 100.6 + 1.6
STA-AILO3 1146+ 1.6 99.2+1
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7.1.5 Plasma sputtering coatings

Table 7.8 shows the values of the shear stress of ice detachment and the ice adhesion
reduction factor (ARF) of homogeneous (PE and PS) and HC (PE-PTFE and PS-PTFE at 0.41
mm) coatings prepared by plasma sputtering through a mask (see section 5.2). The table shows
that the ice adhesion strength values for the above HCs are smaller than those for the
homogeneous ones. In addition, the ice adhesion reduction factor of all homogeneous and
heterogeneous samples shows that the ice adhesion strength values are at least ~ 1.11 and ~
1.37 times lower than those obtained on a polished Al sample, respectively.

Table 7. 8. The shear stress values of ice detachment and ARF values of coatings
made by plasma sputtering.

somple | st it | e
Polished Al 251.5 £ 27 1
PE 22661+ 119 1.11 £ 0.05
PS 222.89 + 6.45 1.13+£0.03
PE-PTFE 183.18 +14.2 1.37+£0.1
PS-PTFE 200.33 £10.2 1.25 +0.06

7.1.6 Durability of plasma sputtering coatings

For each coating in question, one sample was subjected to 10 consecutive icing/de-icing
cycles. It is evident from Figure 7.10 that the anti-ice performance of the coated samples

slightly degraded after 10 icing/de-icing cycles.
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Fig.7. 10. Shear stress of ice detachment vs. number of icing/de-icing cycles for
samples prepared by the plasma sputtering method.

Therefore, it is obvious from these results that the durability and stability of
prepared HC samples coated by the plasma sputtering method are definitely higher than
those obtained from other methods. The hydrophobic properties of those homo- and HCs
after 10 cycles of icing/de-icing are shown in Figure 7.11. The contact angle values of
homogeneous coatings of PS and PE decreased from ~ 95° to ~ 90° and from ~ 86°to ~
84°, respectively. The contact angle values of HCs of PE-PTFE and PS-PTFE diminished
from ~ 113° to ~ 109°. This minor reduction in contact angle values after 10 icing/de-

icing cycles demonstrates the stability and durability of the coatings prepared by the
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plasma sputtering method. In other words, the HC coated surfaces were only slightly

damaged during the aforementioned icing/de-icing experiments.
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Fig.7. 11. CA values on a polished Al 6061 alloy coated by the plasma sputtering
method, after 10 icing/de-icing cycles.

7.2 Effect of different pH solutions on hydro- and ice- phobic
properties of homo- and HCs

These icephobic coatings must necessarily accomplish both of the following
requirements: first, they must efficiently reduce snow or ice adhesion force, and second,
they must have a reasonably long service-life or durability. The first requirement was
studied in the above sections. For the second requirement, the homo- and heterogeneous
SAMs, nanoparticles and plasma sputtering coatings were examined under different

conditions, in various pH solutions and UV degradation. The long service-life or
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durability of the coatings is important factor in the lifetime of a coating under extreme

environmental conditions.

7.2.1 SAMs coatings

In order to study the durability of the coating in different conditions which are
similar to those happening in real situations, the coatings were immersed in different pH

(4, 7 and 10) solutions.
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Fig.7. 12. CA values for homo- and heterogeneous SAMs coatings as a function of IT in
a) distilled water (pH=7), b) acidic (pH=4) and c) basic (pH=10) solutions.
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Figure 7.12 (a, b and c) shows the contact angle values for aluminum samples
coated with homogeneous (OD-OD and PF-PF) and heterogeneous (OD-PF) coatings as a
function of immersion time (IT), in distilled water as well as basic and acidic media. A
heterogeneous (OD-PF) coating was used as the best coating for having high static

contact angle and low contact angle hysteresis.

As it is obvious in Figure 7.12, the coated samples immersed in distilled water
(pH= 7), were found to gradually lose their hydrophobic properties after ~ 800h, which
was associated with the decrease of contact angle values from ~ 121°, ~ 141° and ~ 160
°to ~ 85-87°, respectively, for PF-PF, OD-OD and OD-PF, (Fig.7.12a). This reduction
was slower for the heterogeneous OD-PF coating. By immersing the coated samples in
acidic media, the CA values decreased to ~ 84-86° after ~ 550h (Fig.7.12b). More
precisely, for the OD-PF sample the contact angle values decreased after ~ 990 h. This
tendency to lose hydrophobicity is most likely due to hydrolysis of the Al-O-Si-R bonds,
leading to formation of AI-OH and RSi-OH components (-OH groups), a rather
hydrophilic functional group on aluminum samples [62]. The contact angle values of
homogeneous OD-OD and PF-PF and heterogeneous OD-PF samples as a function of
immersion time in basic media are shown in Figure 7.12c. It can be seen that the contact
angle values decreased faster, from ~121° ~ 141° and ~ 160 °to ~ 84-85°, respectively,
for PF-PF, OD-OD and OD-PF compared to distilled water (pH=7) and acidic (pH=4)
solutions. In other words, the results showed that the coating is more stable in acidic and
neutral than in basic media. This observation can be attributed to the influence of basic
conditions on aluminum oxide layer stability and therefore, the rate of corrosion increases

[120]. This difference in stability leads to accelerated coating deterioration.
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7.2.2 Nanoparticles coatings

Figure 7.13 (a, b and c) shows the contact angle values of homo- and
heterogeneous nanoparticles coatings as a function of immersion time in distilled water,

acidic and basic media.
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Fig.7. 13. CA values for homo- and heterogeneous nanoparticles coatings as a function
of immersion time in a) distilled water (pH=7), b) acidic (pH=4) and c) basic (pH=10)
solutions.

These contact angle values of nanoparticles coatings immersed in distilled water
decreased from ~ 100-134 ° to ~ 85-87° after 800 h. For the samples immersed in an

acidic condition the CA values were reduced to ~ 83-85° after ~ 350 h. while in basic
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media, the contact angle values decreased to ~ 78-83° after ~ 200 h. As is evident in
Figure 7.13 (a, b and c), the durability of HCs of PE-PTFE and STA-PTFE is more than
homogeneous PE-spin and STA-spin coatings. The obtained results also showed that the
structure of the chemical composition of the coating can be affected by different pH
values. For example, the STA is faintly acidic and would be more unstable under a basic
condition [121]. In the case of homo- and heterogeneous nanoparticles coatings, the
reduction of CA values in different pH solutions probably is due to the dissolving and
then corrosion of the samples. Therefore, the coatings degrade, in fact, within several

days of immersion in aggressive media.

7.2.3 Plasma sputtering coatings

Figure 7.14 (a, b and c¢) shows the contact angle values of Al samples coated with
homo- and heterogeneous plasma coatings through masks as a function of immersion
time (IT) in solutions with different pH values (4, 7 and 10). The contact angle values for
PE-spin and PE-PTFE coatings as a function of IT in distilled water (pH=7) are shown in
Figure 7.14a. It can be seen that the CA values for homogeneous PE-spin and
heterogeneous PE-PTFE coatings decreased respectively, from ~ 100° and ~ 114° to ~
86° and ~ 85°, after 820 and 1200 h, respectively. By immersing the coated samples in
pH=4 or acidic media, the contact angle values of PE-spin and PE-PTFE coatings
decreased to ~ 85° after 350 and 820 hours, respectively, while in basic media, the
contact angle values of PE-spin and PE-PTFE decreased to ~ 81° after ~ 200 h and ~ 410

h, respectively. As is evident in the case of immersion in a pH=10 or basic solution, the
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contact angle values decreased sharply.
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Fig.7. 14. CA values for homo- and heterogeneous plasma coatings through masks as a
function of immersion time in a) distilled water (pH=7), b) acidic (pH=4) and c) basic
(pH=10) solutions.

After a study on durability of homo- and HCs in solutions with different pH, it can
be concluded that the HCs are more stable than the homogeneous coatings over time.
These results in addition showed greater durability of homo- and HC in neutral and acidic

solutions than in a basic solution [120].
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7.3 Effect of UV radiation on hydro- and ice- phobic properties of
homo- and HCs

In order to study the durability of homo- and HCs, the coated samples are exposed
to a UVA-340 fluorescent lamp according to ASTM G154. The contact angle values are
measured after each eight-hour cycle of exposure. It is worthy to highlight the fact that
almost each 537 hours of artificial UV exposure is equal to one year of sunlight exposure
[85]. This section focuses on the durability of homo- and heterogeneous SAMSs,

nanoparticles and plasma sputtering coatings against UV degradation.

7.3.1 SAMs coatings

Figure 7.15 shows the wettability of homo- OD-OD and PF-PF and heterogeneous
OD-PF SAMs coatings following UV exposure. The CA values of OD-OD and PF-PF
decreased from ~ 141.4° and ~ 121.1°to ~ 87°, after 86 and 77 cycles, respectively. For
the heterogeneous OD-PF coating the contact angle values decreased from ~ 160.66° to ~
88° after 107 cycles. It is worthy to mention that when the contact angle measurements
reached to a value of ~ 87° close to those obtained on a polished Al surface, the UV
exposure test was stopped. Therefore, the coated samples lost their hydrophobic
properties while UV cycles increased. A decrease of CA values is due to the gradual loss
of the deposited coating after UV exposure. In other words, the hydroxyl groups adsorbed
on defective sites can be replaced gradually by O atoms when samples are UV-irradiated
[122]. A realistic durability was observed for the heterogeneous OD-PF sample over

almost one year and six months of natural sunlight exposure. However, for the homo-
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OD-OD and PF-PF samples, a realistic durability was almost one year of natural sunlight

exposure. The result show that the heterogeneous OD-PF sample is more stable compared

to the homogeneous OD-OD and PF-PF samples following UV exposure. It is evident in

Figure 7.15 that loss of hydrophobicity takes longer for the OD-PF sample, as its initial

contact angle value (~ 160°) is greater than for the homogeneous samples (~ 140°and ~

120°). However, in case of homo- OD-OD and PF-PF samples, a realistic durability was

almost one year of natural sunlight exposure.
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Fig.7. 15. Durability of homo- and heterogeneous SAMs coatings vs. exposure
time of UV radiation.

7.3.2 Nanoparticles coatings

The durability of homo- and heterogeneous nanoparticles coatings was also

studied after UV exposure by measuring the CA values (Figure 7.16). The contact angle

values of heterogeneous PE-PTFE and STA-PTFE decreased from ~ 134° and ~ 125° to ~
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89° and ~ 85°, respectively, after 53 cycles of UV exposure. The heterogeneous (PE-
PTFE) coating was used as the best coating, because it has the highest static contact angle
and lowest contact angle hysteresis among the polymeric coatings including -CHs or -
CH, moieties with a horizontal orientation. Another heterogeneous (STA-PTFE) coating
in addition was used with a vertical branch of -CH, or -CH3 groups to compare their
results with the heterogeneous PE-PTFE coating and homogeneous STA-spin coating.
For homogeneous PE-spin and STA-spin coatings the contact angle values decreased to ~
87° and ~ 88.5° after 35 and 38 cycles, respectively. The durability of heterogeneous PE-
PTFE and STA-PTFE coatings was found to be almost one year of natural sunlight
exposure. However, for PE-spin and STA-spin coatings, the durability was almost six

months of natural sunlight exposure.
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Fig.7. 16. Durability of homo- and heterogeneous nanoparticles
coatings vs. exposure time of UV radiations.
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7.3.3 Plasma sputtering coatings

Figure 7.17 shows the hydrophobic properties of homo- and heterogeneous PE-
spin and PE-PTFE coatings, respectively, following UV exposure. The contact angle
values of PE-spin decreased from ~ 100 to ~ 87°, after 35 cycles. For the heterogeneous
PE-PTFE coating the contact angle values decreased from ~ 114° to ~ 87° after 98 cycles.
The durability of the PE-PTFE was found to be about one year and a half; however, for

the homogeneous PE-spin coating it was about 6 months.
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Fig.7. 17. Durability of homo- and heterogeneous plasma coatings
vs. exposure time of UV radiations.

7.4 Conclusion

In this chapter, the icephobic properties of homo- and HCs prepared from three

different methods were studied. The anti-ice performance of HCs, confirmed the
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heterogeneity effect on aluminum surfaces, as the icephobic properties of HCs improved
upon those of homogeneous coatings. The durability and stability of homogeneous and
HC plasma sputtering coatings and SAMs coatings, in terms of the number of icing/de-
icing cycles was considerable and significant compared to those obtained on HC
nanoparticles coatings. The CA values of prepared HCs by SAMs and the plasma method
showed a small decrease, after several icing/de-icing cycles. The durability results
showed that the prepared coatings had a low resistance in basic solutions, although they
had a good durability in distilled water (~ 1200 h) and acidic media (~ 900 hours). The
durability results against UV radiations showed that the HCs had a good resistance to UV
degradation. In fact the durability of HCs prepared with SAMs, nanoparticles and plasma
methods were 856, 424 and 784 hours, respectively, which were longer time periods than

for the homogeneous coatings.
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CHAPTER VI
CONCLUSION AND RECOMMENDATION

8.1 Conclusions
8.2 Recommendations for Future Work
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8.1 Conclusions

This study focused on the preparation of HCs with icephobic properties
presenting a number of advantages, such as easy application, time-saving and low cost. A
few studies on the preparation of HCs with icephobic properties showed a significant
reduction of the ice adhesion force. These studies focused on heterogeneous polymer
coatings or copolymers including hydrocarbons and fluorocarbons. However, the purpose
of this research work is the preparation of HCs using different techniques other than those
applied and reported in the literature. This helps further study and confirms the
heterogeneity effect on the icephobicity of coatings. Indeed, the HCs introduced in this
study were cheap, simply prepared and easy to apply when compared to the HCs studied

previously.

The current research, therefore, mainly dealt with developing the HCs as an anti-
icing agent. In this study, hydro- and icephobic properties of heterogeneous self
assembled monolayers (SAMs), nanoparticles and “masked” plasma sputtering coatings
were studied and compared with that of homogeneous coatings. Various homo- and HCs

were therefore prepared by three different methods.

e It was shown that the hydro- and icephobic properties of HCs were influenced by
applying different functions including the low surface energy of hydrocarbons and
fluorocarbons. It should be noted that the water molecule orientations at the surfaces of
the fluorocarbon and hydrocarbon groups were completely different. As a result, by

inducing and creating various disparities (hydrocarbons and fluorocarbons) in terms of
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energy bonding and water molecule orientation at the molecular level, the ice-solid

interface is weakened.

e In general, HCs showed higher water contact angle values and smaller water CAH
values. This observation was observed by applying different functions of hydrocarbons
and fluorocarbons. The superhydrophobicity achieved by the SAMs was shown to have
two causes: a low surface energy layer resulting from applying hydrocarbons and
fluorocarbons, and micro-/nano roughness on an aluminum surface. This roughness was
generated by releasing hydrochloric acid in the hydrolysis step of the SAMs configuration

process.

e To better understand the heterogeneity effect, the aluminum samples were
replaced by glass substrates to avoid any possible effect of surface roughening on
alkylsilane-based materials. This series of glass substrate coating experiments confirmed
the heterogeneity effect in reducing the CAH and increasing the contact angle on

aluminum samples.

e Applying hydrocarbons and fluorocarbons together to an aluminum surface was
found to lead to coatings with improved hydro- and icephobicity. The enhanced
icephobic performance of HCs, compared to those of homogeneous coatings, was
explained by the disruption of the hydrogen bond between ice and the coated surface.

This disruption led to reducing the ability of the ice to adhere to the surface.

e The ARF values of all HCs showed that in optimal conditions the ice adhesion
strength was smaller than those obtained on an aluminum surface by factors of ~ 3, ~ 1.7

and ~ 1.3 times for SAMs, nanoparticles and “masked” plasma sputtering, respectively.
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This decrease in ice adhesion strength can lead to easier removal of accumulated ice from

these coated surfaces.

e The icephobic performance of these HCs somewhat degraded during successive
icing/de-icing cycles, implying the occurrence of some damage to the coatings. In
optimal conditions the icephobic performance of the coatings of SAMs, nanoparticles and
“masked” plasma showed damage after 12, 4 and more than 10 icing/de-icing cycles,
respectively. The durability of heterogeneous nanoparticles coatings in terms of anti-ice
performance over time was very short. In contrast to the heterogeneous nanoparticles
coatings, the “masked” plasma HCs produced a significant stability and durability (even

more than 10 times) versus icing/de-icing.

e All HCs studied showed a gradual loss of their hydrophobic properties after ~
1200 h of immersion in de-ionized water (pH=7). In acidic conditions the HCs lost their
hydrophobicity after ~ 900-1000 h of immersion in a pH=4 solution. Therefore, after a
study on durability of homo- and HCs in solutions with different pH, it was concluded
that the HCs are more stable than homogeneous coatings over time. Meanwhile, the
durability of homo- and HCs immersed in neutral and acidic solutions were higher than in
a basic solution. This observation can be attributed to the influence of basic conditions on

aluminum oxide layer durability and therefore, the rate of corrosion.

e The durability of heterogeneous SAMs coatings was found to be almost one year
and seven months of natural sunlight exposure. For heterogeneous nanoparticles coatings,
it was approximately one year and for “masked” plasma HCs, one year and a half of

natural sunlight exposure. In addition, if the results of the durability of HCs are compared
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to homogeneous ones, they showed a greater durability following UV exposure. It is
worthy to mention that when the contact angle measurements reached to a value of ~ 87°,
close to those obtained on a polished aluminum surface, the UV exposure test was
stopped. A decrease of contact angle values returns to the gradual loss of the deposited
coating after UV exposure. In other words, the hydroxyl groups adsorbed on defective
sites can be replaced gradually by O atoms when samples are UV-irradiated. The results
show that the heterogeneous samples are more stable than the homogeneous ones

following UV exposure.

e As a general conclusion, all the prepared HCs showed that the effect of
heterogeneity came from applying hydrocarbons and fluorocarbons compared to only
hydrocarbons or only fluorocarbons as a homogeneous coating. It was shown by
applying different functions, for example both C-F and C-H, the surface energy is

decreased more compared to applying only one function (C-F or C-H alone).

e The (theoretical) calculations in addition confirmed the effect of heterogeneity on

the coatings.
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8.2 Recommendations for Future Work

By this research work, the effect of heterogeneity on hydro- and icephobicity was

confirmed. In this light the following work can be recommended for further study:

(i) Different types of SAMs molecules such as long alkyl chains should be
carefully studied on aluminum substrates, and optimal parameters for enhanced hydro-
and icephobicity should be sought. In this study a fluoro-alkylsilane with short fluoro-
alkyl chains, an alkylsilane with long alkyl chains, and also an alkylsilane and a fluoro-
alkylsilane, both with short alkyl chains, were studied. They confirmed the effect of
heterogeneity on hydro- and icephobicity. However, it was not possible to expand our
study to alkylsilane and fluoro-alkylsilane, both with long alkyl chains, due to a time
limitation. In future work it would be good to consider the heterogeneity effect for

alkylsilane and fluoro-alkylsilane with long alkyl chains.

(i) For heterogeneous nanoparticles coatings, to increase the stability and
adhesion to the coatings, the nanoparticles can be doped to solution before spin-coating
and creation of the coatings. Then with an instantaneous surface polishing, a very thin
layer of coating is removed to release the nanoparticles and modify the mechanical

properties of HCs.

(iti) Some tests could be performed under natural conditions to observe their

hydro- and ice-hydrophobicity in the real world.
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