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Abstract

Low surface energy polymeric materials always attract great interest due to their
effective non-stick feature when contacting with other materials. Surface
roughness in addition to the low surface energy elevates the hydrophobicity of the
surface and makes it superhydrophobic. Ice adhesion and formation is one of the
major problems for many industries including aerospace, wind energy and
transportation. Superhydrophobic surfaces are potentially used for icephobic

applications.

In the present work, hydrophobic polyfluoroacrylates (PFAs) were synthesized
using styrene, acrylic acid, and heptafluorobutyl acrylate via radical polymerization
method. The synthesized PFA emulsions had a relatively low curing temperature
(e.g. 80 °C), and different molar ratios of heptafluorobutyl acrylate were used to
vary the fluorine content in the polymer. The polymerization is a random co-
polymerization process and hence the exact arrangement of the groups cannot be
predicted. X-ray photoelectron spectroscopy revealed that the maximum fluorine
content in the PFA emulsion can reach up to 34 Wt%. Average ultimate tensile
strength of the synthesized polyfluoroacrylate was measured at ~37 MPa which is
comparable to that of PTFE ~35 MPa. From chemical analysis by Fourier transform
infrared spectroscopy, X-ray photoelectron spectroscopy, and nuclear magnetic
resonance, it was found that the synthesized PFA emulsion exhibited co-polymer

structure consisting of the three monomer units.

For the study of surface morphology, three different processes were used:
anodisation, chemical etching and Cu-nanoparticle deposition. From scanning
electron microscopy (SEM) images and 3D profilometer measurement, it had been

found that anodistion and chemical etching produced micrometer range surface



roughness and Cu-nanoparticle deposited surfaces had a nanometer range surface
roughness. Below 10 °C, anodisation gave relatively uniform surface roughness in
the range of 1-2 ym, and with the increase in temperature the surface roughness
reached beyond 5 pm. When the aluminium surface was etched with a mixture of
hydrochloric acid (HCI) and hydrogen peroxide (H202), average surface roughness
of 1.5-1.8 ym was obtained. When Cu-nanoparticles were deposited, surface
roughness reduced to nanometer range of 20-50 nm, but the Cu-nanoparticles
tended to agglomerate and hence non uniform surface roughness was obtained.
PFA was deposited on the modified surface by mainly spin coating process. The
surface roughness of the coating decreased after the deposition of the PFA

emulsion.

Hydrophobicity of the coatings was evaluated using water contact angle (WCA) and
contact angle hysteresis (CAH). For anodised samples, the WCA and CAH values
gradually increased with increasing surface roughness, indicating the decrease in
hydrophobicity. Chemical etched surfaces had surface roughness in the range of
1.5 - 2 ym and hence hydrophobicity was almost maintained throughout. For Cu-
nanoparticle deposited samples, hydrophobicity was also maintained, evidenced
from the average WCA at ~140° and CAH below 10°. The coating erosion test
indicated that the lowest coating adhesion was obtained on the nanoparticle
deposited surfaces, as the nanoparticles were loosely bound on the substrate
surface. Chemically etched hydrophobic surfaces showed the highest erosion

resistance.

Ice adhesion strength and de-icing tests showed that anodised samples had the
highest ice adhesion as compared to chemically etched and nanoparticle deposited
hydrophobic surfaces as the ice anchored in the large cavities on the anodised
surfaces. Anodisation also formed a thin layer of Al203 on the surface which was

non conductive and hence de-icing time was higher. For Cu nanoparticle deposited
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surfaces the de-icing time was least as the Cu-nanoparticle layer was thermally
conductive, and hence when heat was applied on the coating, it can easily remove

the ice and increase the efficiency of the coating.
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1 Introduction

1.1 Background

Hydrophobic surfaces are widely employed in several industries including
aerospace, automotive, powerlines, oil and gas, building industries due to their
excellent anti-corrosion water repellence and self-cleaning properties [1-3].
Hydrophobicity is a natural phenomenon of a surface to repel water contact. The
water contact angle ranges between 90° and 150°. It is generally recognised that
the modification of surface profiles followed by deposition of low surface energy
materials are effective in achieving hydrophobic surfaces [4, 5]. Superhydrophobic
surface with water contact angle higher than 150° are of much interest as they
inhibit phenomenon like sticking of water, contamination, oxidation and current
conduction etc [6]. Hydrophobity and superhydrophobicity is a natural
phenomenon and can be found in different plants and insects. Ramee leaf, chinese
watermelon, taro plant leaf, leymus arenarius leaf shows superhydrophobicity and
water contact angle ranging between 160-170° [7, 8]. Insects such as homoptera,
water striders and diptera tabanus chrysurus also shows natural

superhydrophobicity [9, 10].

Whereas icephobicity is relatively new phenomenon and analogous to the other
“-phobicities” (hydrophobicity, oleophobicity, lipophobicity, omniphobicity etc).
There are mainly three definitions of icephobicity. Firstly, icephobicity implies low
adhesion force between ice and a solid surface with shear stress between 150 kPa
and 500 kPa. It can go as low as 15.6 kPa [11, 12]. Secondly, icephobicity is also
defined as the ability to prevent ice formation on the surface. Such ability depends
on whether a droplet of supercooled water (below the normal freezing temperature
of 0°C) freezes at the interface and characterized by time delay of heterogeneous

ice nucleation [13, 14]. Thirdly, icephobic surface repels incoming small water



droplets at below freezing point temperatures [15]. It is very important especially
for aviation industries as it leads to catastrophic aviation disasters [16, 17]. The
ice protection systems currently used are based on electro-thermal systems that
operate once the ice has been formed (de-icing): they melt the ice layer in contact
with the solid surface and allow ice removal by aerodynamic forces. However, these
methods present several drawbacks: for instance, such systems usually cover only
the leading edge of the blade where ice accretes, leading to the potential formation
of the so-called “runback ice”, caused by liquid water flowing in the aft direction
[18]. In addition, these systems operate cyclically (to avoid huge power
consumption) allowing ice to accrete up to a thickness of several millimetres prior
to removal. Finally, they require heavy devices, as well as high power inputs and
generate large quantities of heat which is inappropriate for currently used polymer-

based top coat materials [19].

So universal definition of icephobicity is a difficult task and debate always remained
whether hydrophobic and superhydrophobic surfaces are best for anti-icing or de-
icing applications. Many in depth studies have been conducted to establish the
relation between the two [20-23]. Hydrophobic surfaces show higher resistance
against icing as compare to hydrophilic surfaces . Again hydrophilic surface with
low roughness (1.4-6 nm) shows greater freezing delay time as compared to high
roughness hydrophobic surface. The performance of icephobicity degrades with
icing and de-icing cycle [24]. Various aspects of anti-icing behavior of
superhydrophobic coatings was investigated, including ice inhibition, ice adhesion,
ice accumulation and frost formation. Inhibition of ice formation on
superhydrophobic coatings was observed when supercooled water was poured onto
a tilted surfaces [25]. It is found that superhydrophobic coatings greatly retard
water freezing [26] on the surface. The ice adhesion strength of superhydrophobic
coating surface is 3.5 times lower than that of an uncoated surface [27]. It is

proved that superhydrophobic coatings could significantly restrain ice accumulation



on insulator strings [28] and retarded frost formation on the superhydrophobic
isotactic polypropylene film is also observed [29]. A highly ordered
superhydrophobic coating is also designed which can maintain ice-free down to

—25 to —30°C [30].

Aluminium and its alloys are most common structural materials due to low density,
high strength and light weight as compared to other metal alloys [31]. To achieve
the superhydrophobicity two main aspects are necessary : surface morphology and
low surface energy. Anodisation is an effective method to modify the surface
morphology for required surface profile but it is highly dependent on the
temperature. Sulfuric acid anodisation also commonly known as hard anodisation
is used for modifying the aluminium surface [32, 33]. Another way to produce
surface morphology is chemical etching process. A mixture of hydrochloric acid
(HCI) and hydrogen peroxide (H202) was used for the purpose. The deposition of
nanoparticles on the substrate surface can produce desired surface morphology.
Again low surface energy is another important factor to achieve surface
hydrophobicity or icephobicity and the most common method is to deposit thin
fluorinated polymer on substrate surface [34-36]. Polyurethane is one of the most
commonly utilized polymer in different industrial applications, including coatings.
[37, 38]. 1H,1H,2H,2H-perfluorooctyltriethoxysilane (POTS) is another widely used
fluorinated polymer for low energy applications [39]. Polycarbonate coated
superhydrophobic surface led to a significant decrease in ice-adhesion strength for
aluminium samples as compared to the untreated reference [40]. A sol-gel coating
of methyl triethoxysilane (MTEOS) and 3 -glycidyloxypropyl triethoxy silane
(GLYMO) was reported to obtain a robust icephobic coating with water contact
angle (WCA) as high as 163.5 ° and ice adhesion strength is lowered by 40% [41].
Self-assembling monolayers produced by varying hydrophobic components had
also been used for icephobic application [42]. It was reported that the water

contact angle on a micro-structured Poly(tetrafluoroethylene) (PTFE) coated
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surface can be as high as 164° with contact angle hysteresis (CAH) of 2.5° [43].
And a polydimethylsiloxane (PDMS) based surface exhibited a water contact angle
of 160° [44]. Besides, slippery liquid-infused porous surfaces were developed
recently and have shown encouraging icephobic properties [40]. However, low
mechanical properties of the coating materials, high processing temperature (e.g.
327 °C melting temperature of PTFE [45]) and usage of lubricating liquid on the
surface are the key challenges for their applications. The combination of surface
roughness and surface energy alters the hydrophobicity and icephobicity of the

substrate.

1.2 Aims and objectives

1.2.1 Aims

The main aim of this project is to develop a new type of polymer coating that will
be hydrophobic in nature and eventually can be applied for icephobic applications.
The polymer can also be applied in coating form with proper surface morphology
for superhydrophobic applications. For superhydrophobic and icephobic
applications high water contact angle (WCA) is required as well as low contact
angle hysteresis (CAH). The main factors affecting the WCA and CAH will be
determined. The mechanical strength and water erosion resistance of the coating
will also be evaluated. The synthesis mechanism of the low surface energy organic
emulsion will be established. Ice adhesion strength of the coated substrate surface
will also be determined. The icephobicty of the studied hydrophobic and

superhydrophobic surface will be compared and discussed.

1.2.2 Objectives

The main objectives required to achieve the above goals are proposed as follows,



Formation of micro and nanostructured roughness on the substrate surface. To
obtain specific surface features, different processes are will be used like
anodisation, chemical etching and deposition of nanoparticles etc. The parameters
for these processes will also be optimised to obtain the desired result.

Low surface energy polymer matrix will be synthesised. The structure, stability and
other parameters of the polymer will also be evaluated. The properties of the
polymer will be tailored by altering amount of the monomers. The synthesis
mechanism of the polymer will be studied as well. The surface energy of the
synthesised polymer will be evaluated.

To deposit thin polymer coating on the substrate surface by various methods and
to determine the most efficient method for the deposition. The physical and
chemical properties of the coating will be studied.

Microstructural characterisation of the surface is also very important to evaluate
the surface morphology. Surface morphology will be analysed at different
processing condition and the difference between different surface morphology will
be compared.

Erosion resistance of the polymer film will be determined and the effect of polymer
film on the surface roughness will be discussed. The tensile strength of the polymer
will be determined and also be compared with that of commonly used PTFE.

The hydrophobicity will be measured by water contact angle (WCA) and contact
angle hysteresis (CAH) data. The factors influencing the hydrophobicity of the
surface will be analysed and optimised.

The icephobicity of the surface will be measured and the influence of microstructure
and surface energy on icephobicity will be discussed. The best condition of surface
roughness and surface energy for icephobicity will also be determined.

The comparison of hydrophobic and superhydrophobic surface and their suitability
to be used as icephobic surface will be conducted in terms of ice adhesion strength

and de-icing time tests.



2 Literature review

2.1 Hydrophobicity and Superhydrophobicity
2.1.1 Fundamentals of hydrophobic and superhydrophobic surface

Hydrophobicity or superhydrophobicity is a property of any surface to repel
incoming water molecules. It is generally quantified by the water contact angle
(WCA) and contact angle hysteresis (CAH) measurement. When a WCA is greater
than 90 ° but less than 150 °, the surface is considered to be hydrophobic.
Alternatively, if a WCA is greater than 150 ° and CAH is less than 10 °, the surface

is considered as superhydrophobic [46].

WCA is defined as the angle at which the liquid vapour interface meets on a solid
surface, when the liquid is water. It is determined by the interactions across the
three phase line. The Young equation is the simplest way to describe the balance

forces acting on a liquid droplet spreading on a surface [47].
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Figure 2-1. Schematic representation of (a) Young’s model [48], (b) Cassie Baxter model
[49] and (c) Wenzel model [50] for surface wetting.

Figure 2-1 (a) represents the Young’'s model of surface wetting. Where 8 is the
contact angle of the drop and is related to interfacial energies acting between solid-

gas (ysg), liquid gas (y,;) and solid-liquid (ys.) interfaces [47].
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But Young Equation is only valid when the surface is smooth, chemically
homogeneous and does not change by possible interactions with the probing liquid.
For superhydrophobicity roughness is an essential requirement, so for rough
surfaces Wenzel proposed a model with contact angle (8’) and the equation is given

as follows [50]:

r - Equation 2-2
cos(8') = M = rcosf quat
LG

Where r is the roughness factor and defined as the ratio of actual area of the rough
surface to the geometric projected area. r is always greater than unity so it
enhances hydrophilicity for a hydrophilic surface and hydrophobicity for a

hydrophobic surface.

Frost formation was investigated on isopolypropylene (i-PP) deposited hydrophobic
and superhydrophobic surfaces. It is also found frost formation is also retarded
superhydrophobic i-PP surface as compared to hydrophobic surface. The main
reason is wettability of superhydrophobic surface oscillates during the frost
formation process while that for hydrophobic surface it steadily increases. The
oscillation for superhydrophobic surface is due to the micro and nanostructures
which prevents the movement of the three phase line (TPL). For hydrophobic
surface TPL of condensed water droplet is unstable. The contact angle hysteresis
(CAH) depends on TPL. TPL plays an important role in the stability of the water
droplet and water contact angle [51, 52]. The solidification of the water droplet

starts at the TPL. Higher the heat transfer rate at the TPL easier is the solidification.



If TPL is unstable then it can freeze easily. If the TPL is discontinuous for rough
surface structure then it is metastable which is favourable for anti-freezing as

compare to the unstable TPL [53].
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Figure 2-2. (a) Steady decrease of water contact angle on the hydrophobic i-PP

films and (b) oscillatory water contact angle on the superhydrophobic i-PP film
[53].

Figure 2-2 shows the variation of water contact angle with the time of droplet
growth in seconds. It is clear from Figure 2-2 (a) that for hydrophobic surface the
water contact angle decreases in a steady manner with the time of droplet growth
while in the case of superhydrophobic surface the water contact angle oscillates

with the increase in time of growth of the droplet as shown in Figure 2-2 (b).

Icephobic properties of a superhydrophobic surface decline as icing/deicing cycles
process proceeds. The main reason is the loss of rough surface morphology which
is essential for icephobicity [24]. But only rough surface structure is not sufficient
for superhydrophobic property. The cavities on the surface could be wetted by
moisture from the environment and upon freezing the condensed water in the
cavities can turn into ice roots to anchor the ice layer into rough surface. Thus as

a result ice-adhesion will increase with increasing surface roughness [54].



2.1.2 Applications of superhydrophobic surfaces

Superhydrophobic surfaces have many functional applications. It is used to
improve the performance of conventional materials by surface modification,
additionally superhydrophobic modifications can bring new functions which are not

available to the material itself.

) Water corrosion prevention

The corrosion of metals is a significant problem and can be eliminated by
fabrication of superhydrophobic coating. Layered double hydroxides (LDHs) with
addition of a low surface energy material can be used for such preventative
applications [55]. When polished copper surfaces are immersed into n-
tetradecanoic acid ethanol solution a superhydrophoobic copper cluster surface can
be obtained [56]. Again superhydrophobic corrosion resistant Magnesium (Mg)
alloy surface can be fabricated by a combination of electrochemical machining

process followed by covering with fluoroalkyl silane (FAS) layer [57] .

(1 Humidity proof coating of electronic devices

Excellent water repellency property of superhydrophobic coating can be used as
waterproof coatings of some moisture-sensitive electronic devices. Commercially
available paraffin wax-polyolefin thermoplastic blend with carbon nanofibers can
produce thin superhydrophobic film on electronic devices [58]. Again when thin
fluoropolymer superhydrophobic coating was fabricated on the surface of field
effective transistor by violet photochemical process the surface discharge caused

by the leakage current even at high relative humidity is eliminated [59].

(1) Textiles

Superhydrophobic textile fabrics can be prepared by a simple one step gas phase
coating procedure in which a layer of polymethylsilsesquioxane nanofilaments was
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grown onto the individual textile fibers. Because of the unique surface geometry
generated by the nanoscopic fibrous coating on microscopic fibrous textiles the
coated fabrics remains dry even after two months of complete immersion in water
[60]. Modification of fibers with silver (Ag) nanoparticles followed by treatment
with hexadecyltrimethoxysilane produces superhydrophobic coating that has

antibacterial activity against gram-negative bacteria, escherichia coli [61].

(1v) Anti-biofouling

Bio-fouling indicates the undesirable adherence of microorganisms, plants, algae
and animals on submerged surfaces. Bacterial biofilms on surfaces produce
adverse impacts for pipeline corrosion, water contamination, and hospital
associated infections etc [62-65]. Superhydrophobic surfaces can reduce bacterial
adhesion significantly and hence can be used for anti-biofouling applications [66,
67]. These surfaces are effective for both, employing continuous flow of bacterial
suspension over the superhydrophobic surface as well as when immersed in a static
bacterial suspension for various periods of time [68-70]. For superhydrophobic
surface air bubbles are physically entrapped when immersed in a bacterial
suspension. The contact area between the superhydrophobic surface and bacteria

decreases resulting significant decrease in number of adherent bacteria [71].

V) Controlled transportation of fluids

Magnetic nanomaterials conjugating with biomolecules have been widely applied
in biochemical separation, targeted drug delivery, immunoassay, biosensor and
other fields. There is an increasing need for controlled transport of their small
volumes of liquids. For microfluidic systems, delivered materials might be adsorbed
on the solid walls due to the nature of the contact, leading to contamination or
clogging of channels. Superhydrophobic surfaces with high adhesive force offer

particular advantages to completely transport water microdroplets.
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Superhydrophobic surfaces, with water contact angles (CAs) larger than 150°, can
avoid the wetting problem [72, 73]. A microdroplet on this surface usually takes a
quasi-spherical shape and dramatically lowers the contact area between droplet
and solid surface, which would help to greatly reduce the possible deposition of
liquid. Besides, the strong adhesive feature of the surface can make the
microdroplet accurately hold in place without any sliding or rolling. Here,
superhydrophobic surface was used for reversibly oriented transport of
superparamagnetic microliter-sized liquid droplets with no lost volume in
alternating magnetic fields, which is of great significance for the innovative design

of open microfluidic devices [74, 75].

(V) Transparent anti-reflective coating

The covering of a solar cell system is made of glass or plastic which have indices
of refraction in the range of 1.45-1.7 [76, 77], so they reflect from 4% to over
6.5% of normally incident light on each air/substrate interface. The transmitted
energy of a solar cell system will be lost considerably from multiple reflections.
Accordingly, an antireflection (AR) coating on a covering is used to increase the
efficiency of a solar cell system [78-81]. After some time, the surfaces of the
coverings of a solar cell system in a natural environment become contaminated.
Therefore, a self-cleaning coating on the covering helps to increase the efficiency
of the solar cell system. Superhydrophobic surfaces with rough micro and
nanostructures and low surface energy shows self-cleaning phenomenon. Since
the microstructures of a superhydrophobic coating strongly scatter visible light,
high transparency in the visible region and the superhydrophobic property are
mutually exclusive in principle [82-84]. The transmittance of ZnO-based[85, 86],
carbon nanotubes based [87, 88], or BN-based [89] transparent superhydrophobic
films is about 80% or even lower. The transmittance of some superhydrophobic

anti reflective films is close to that of untreated glass (90.6%) [90-92]. Anti-
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reflective coatings with a transmittance of higher than 96% can be obtained on
glass substrates by the Layer by layer deposition of polyelectrolytes.
Superhydrophobic sol gel was prepared by hydrolyzing triethylorthosilicate (TEOS)

and then adding the hydrolyzed TEOS with hexamethyldisilazane (HMDS) [93].

2.2 lcephobicity

2.2.1 Definition of icephobicity

Icephobicity is generally defined as a property of any surface repelling ice
formation on it under icing conditions. Common strategy for minimizing ice
formation and adhesion is application of chemical coatings which are classified as
sacrificial coatings and permanent coatings [94]. These coatings reduce the ice
adhesion and ice can shed more easily, with the help of existing forces such as
wind, gravity and, vibrations [95]. The superhydrophobic surfaces are
hypothesized to be successful in producing anti-icing property by repelling
incoming water molecules. In addition the trapped air pockets forms a thermal
barrier and hinders the heat transfer during icing and hence reducing ice adhesion
strength [96, 97]. But the superhydrophobic surfaces fail at high humidity and
ultralow temperature. When the temperature is too low the ice nucleation and
propagation occurs on all areas of the surface and hence superhydrophobic
property loses and ice adhesion increases [98, 99]. Again at high humid conditions
moisture condenses in the cavities of the superhydrophobic surfaces and droplet

grows and rapidly forms ice layer on the whole surface [100, 101].

2.2.2 Mechanism of ice formation

Ice formation on surface is a major problem in industries including transportation,
power, buildings etc. Water gets adsorbed on the metal surfaces. The adsorbed

water bound to the metal surface through the oxygen atom [102]. The binding
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energy is slightly greater than that of the water on an ice surface. This adsorption
results in an ordered structure based on the ice bilayer consisting of units of six
water molecules bound in puckered hexagonal rings [103, 104]. The neighbouring

bilayers are linked by hydrogen bonds between adjacent layers [105].

According to classical nucleation theory, the free energy barrier AG, the nucleation
rate ], for heterogeneous ice nucleation depends on interfacial energies, lattice
mismatch and radius of curvature [106]. The AG and ] for a flat incoherent is

expressed as,

moyT?

AG =
3

(2 =3m+m?); | = ], exp(— AG/KT),
(2-3)

Where g,,the ice vapour surface energy and r is the critical radius. The m is the
ratio of the interfacial energies expressed as m = (a5, — g5;)/0y, 0y iS the substrate
vapour interfacial energy and gy, is the substrate ice interfacial energy. T is the flat
ice surface temperature; k is the Boltzmann constant and J, is a kinetic constant

[98].

Icing in the atmosphere occurs when a surface comes in contact with supercooled
water. At first the surface wetted by supercooled water which determines the
feasibility of icing and the surface-air interface is substituted by surface-water

interface [107].

Hydrophobicity and icephobicity are parallaly related but there is no direct
correlation between them [23, 108]. Icephobicity has different definitions which
depend on different approaches for characterization of surface icephobicity. First
approach implies icephobicity as a low adhesion force between ice and a solid

surface which is quantified by critical shear stress and normal stress. The second
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approach defines icephobicity as the ability of a surface to prevent ice formation
on it. It depends on whether the droplet of supercooled water freezes at the
interface and characterized by time delay of heterogeneous ice nucleation. The
mechanism of droplet formation is quite complex and depends on the temperature
level. Third approach encounters an impact test for incoming bouncing droplet and

icephobic surfaces repel incoming small droplets [20].

Figure 2-3. Drop-by-drop accumulation and freezing of a growing supercooled
water volume on aluminium surface: The time from the onset of deposition is
indicated on each frame. (a) First impacted supercooled droplets have merged
together to form one major unit. (b) The main drop has grown by the sequential
impaction of inkjetted droplets from above and remains all liquid. (c) Frozen drop
shortly after the first freezing stage, which rapidly converts the supercooled liquid
into a mushy liquid plus ice phase. (d, e) The crystallization front (horizontal
dashed line) starts at the liquid—solid contact area and gradually advances upward.
(f) Completely frozen drop [23].
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Figure 2-3 shows stepwise freezing of a supercooled water droplet on aluminium
surface. It is evident from Figure 2-3 (a) that the first impacted supercooled
droplets have merged together to form one major droplet. The drop grows in size
by sequential impaction of injected droplets as shown in Figure 2-3 (b) but still
they remain liquid. Figure 2-3 (c) shows the first stage when the cooling starts and
Figure 2-3 (d) when the crystallization of water droplet starts by the horizontal line
as shown in figure. Finally Figure 2-3 (f) depicts the completely frozen water
droplet. The time mentioned in each figure is the time after the injection of the

first droplet of water.

As stated before hydrophobicity is not absolutely necessary for icephobic property
of any surface, icephobicity can also be obtained on hydrophilic surface. It has
been found that the surface ice nucleation on unmodified hydrophilic surface is
lower in magnitude than on modified hydrophobic surface [99]. Based on the above

literature investigations the study is limited for hydrophobic surfaces.

2.2.3 Anti-icing and de-icing

Anti-icing and de-icing systems are mainly used to solve the icing problem. Anti-
icing prevents the formation of ice on the surface while de-icing removes the ice
after it has been formed. Both strategies mainly divided into two methods: Passive
and active. Passive methods take the advantage of the physical properties of the
surface to eliminate or prevent ice while active methods use external systems and
require an energy supply either thermal, chemical or pneumatic [109]. Most icing
prevention methods are active heating systems that need a control strategy. Anti-
icing requires much more energy than de-icing systems as it requires continuous
heating. Moreover when the ice melts water can run back after the element and

freeze again [90].
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In theory icephobic coatings are more effective as it prevents ice formation on the
surface due to its ice adherent properties. Superhydrophobic surfaces reduce the
shear forces between ice and surface and also reduces sensitivity towards dirt and

bugs [110].

For anti-icing applications mainly icephobic coatings are being used. On the
icephobic surfaces the ice adhesion is very low [111]. Such coatings reduce the
shear force needed to remove the ice from the surface. In an alternative approach
superhydrophobic coating can be used for icephobic applications. This approach
takes advantage of water repellency and low adhesion of water drops on the
surface and reduces water accumulation on the surface. Ice and water adhesion
depends on the intermolecular forces that interact at the ice-solid and water-solid

interface [11].

2.2.4 Applications of icephobic surfaces

Ice, snow, glaze, rime or their mixtures formation, adhesion and accumulation can
cause severe problems for solar panel, wind turbines, aircrafts, heat pumps, power
lines, telecommunication equipment, submarines etc. It results in mechanical and
electrical failure and decreases efficiency in power generation including safety
hazard. Icephobic surfaces should prevent or delay of ice formation or formation

rate of accumulation on the surface should be slowed down.

) Solar panel protection

Solar systems deliver energy all year and it can provide extremely high efficiency
in cold climates as the snow on ground increases solar reflection. But it is also
important that solar panels remain clear of snow and debris. When solar panel gets
covered there is reduction in power output from snow cover and hence lose
efficiency. Light snowfall does not cause much problem as the reflective nature of

solar panels act as natural heaters and melt light snow. The heavier snowfall that
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dump inches of snow causes the main problem. Anti-icing coating on the solar
panels can reduce or eliminate the ice formation on the surface and also can easily

remove accumulated ice on the surface [112].

(1) Aircraft surface protection

Aircraft icing refers to ice formation and accumulation on the windward surface of
aircrafts. It is mainly caused by the striking of unstable supercooled water droplets
suspended in clouds onto a solid surface. Aircraft icing poses an increasing threat
to the safety of flight due to the damage of aerodynamic shape [113]. Once the
ice is formed, the aerodynamic shape of aircraft is severely damaged; and the
critical angle of attack also decreases. These changes lead to a series of serious
flight problems, including the redistribution of airfoil pressure, reduction of lift
factor, increase in resistance coefficient, and the rapid diminution of lift resistance
ratio. Moreover, lift off speed and running distance increase significantly and make

taking-off and climbing difficult under icing conditions [114].

b Wind turbine

Wind turbines in cold climate are exposed to icing issues over their service life.
Ice accretion on wind turbines, particularly on the blades, can be detrimental to
their performance, durability, and the safety of those in the vicinity of operating
iced turbines. During icing events, ice accumulates on the rotor blades, thus
reducing the aerodynamic efficiency and torque, leading to power losses [115].
Atmospheric ice is generally formed from supercooled water droplets that adhere
strongly to the blade surface. Low-surface-energy materials have attracted
attention as potential icephobic materials, or materials that allow the ice to detach
itself under the effect of gravity or/and wind force [116]. Poly(tetrafluroethylene)
or PFTE is a good example, due to its very low surface energy, and because it has

the lowest ice-adhesion force among a wide variety of solid materials [117].
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(1v) Powerlines

Combination of ice and wind on overhead electrical lines can cause serious
damages, sometimes leading to power outages and dire socio-economic
consequences. The January 1998 ice storm in North of America is a good example
of such consequences. Electrical power network faces several problems under icy
conditions. Since transmission lines are spread across long distances from
generating stations to distribution grids. Such network runs through plane fields,
high mountains, and small river crossings and covers long distances. During icing
events, weight of ice puts an additional load and stress on the network and
increases the possibility of power breakdown due to ice accretion. During ice storm
ice accretion occurs on conductors, insulators and towers, which can lead to
tripping of line, structure collapsing and additional load on conductors. Once the
fault generates, it takes long time to normalize the network, since repair activities
require fault pinpointing followed by mobilization of manpower, logistics, material,

and check on adverse weather conditions etc [118].

V) Heat pumps

The problem of condensation and subsequent freezing of moisture on the surfaces
of the heat exchange equipment cooled down to negative temperatures and using
the low-potential heat of ambient air is one of the main technical obstacles on the
way to wide application of air-source heat pumps in countries with cold climate. It
decreases the coefficient of performance (COP) of the heat pump equipment [119].
To reduce the frost formation many anti frosting technologies are used including
changing the characteristics (temperature, velocity, humidity, pressure and
purified air) [120-122], changing the structure of air heat exchanger [123, 124],
changing the interaction between air or frost layer and cold surface (electric field,

magnetic field, ultrasonic wave)[125-127] etc. Surface treatment and the use of
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anti-icing coating are promising solutions to overcome the frosting and increase

the efficiency of heat pumps [128].

2.3 Relation of surface superhydrophobicity and
icephobicity

To compare the icephobicity and superhydrophobicity the important consideration

is relative humidity of the atmosphere. Under high humidity conditions the ice

adhesion strength increases three-fold when water vapour condenses on a surface

[24]. Surface topography, elasticity and liquid extent also influences the ice

phobicity of a surface.
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Figure 2-4. (a) A framework for classifying recently developed icephobic coatings. (b)
Phase diagram for water indicating three different pathways for formation of water-
based solid by changes in temperature and/or pressure of water. (i) Vapor-solid
desublimation deposition, (ii) vapor-liquid-solid or condensation followed by freezing,
and (iii) liquid—-solid or freezing [129].

Figure 2-4 (a) shows schematic of classification of icephobic coatings based on three
distinctive surface attributes: elasticity (soft vs. hard), topography (smooth vs. rough),
and liquid extent (dry vs. wet) and Figure 2-4 (b) shows phase diagram for water and
how it can be changed from one form to another by changes in temperature and
pressure. These characteristics are also related to differences in the formation
mechanism of ice on smooth vs. rough, dry vs. wet, or soft vs. hard surfaces, which
can lead to differences in their icephobic performance.
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Surface roughness induced superhydrophobicity can widely be used to design
icephobic and anti-icing coatings. The main assumption behind this suggestion is
that the mechanism of ice and water adhesion are similar and hence when a
surface with low surface energy is designed weak adhesion between surface and
ice is also obtained [2, 130-132]. But in reality the mechanism of water and ice
adhesion are different. Water can withstand pressure but it cannot support shear
stress since shear stress tensor of liquid is spherical in the static limit [131, 133].
The mechanical force acting on a liquid droplet and on ice are different and
adhesion of ice and water on substrate surface is also different [108]. When
superhydrophobic surfaces are exposed to ambient atmosphere of high humidity,

frost readily forms on the surface which subsequently becomes more ice friendly

[98]. The formation of ice fundamentally changes the basic wettability of the

surface: whereas the dry surface would typically cause impacting drops to bounce,

with some frost, impacting droplets freeze on the surface [134].

Figure 2-5. Frost formation on a microfabricated superhydrophobic surface. (a) Dry
surface with a contact angle (for the flat material) of about 110°. The surface is
maintained at —13 °C, and after the start of the experiment, the relative humidity
is increased. (b-d) the time gradually increased from 4s to 10s to 36s. Frost
formation is observed and occurs everywhere, including the top of the posts, the
valleys, and the sides of the posts [98].
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Figure 2-5 shows frost formation on a microfabricated superhydrophobic surface
under high humidity conditions and at a temperature of -13 °C. It is observed that
under high humidity and low temperature conditions with prolonged exposure time

frost forms rapidly on rough superhydrophobic surface.

Again it is also reported that with fine control of surface microstructures, favorable
anti-icing performance can be achieved. A robust icephobic coating based on
superhydrophobicity was obtained via optimizing the coating's surface structure
with the help of nanoparticles [41]. Colloidal surfaces with different content of
fluorine polymers were also developed that shows superhydrophobic and icephobic
properties [135]. The optimum coating demonstrated superhydrophobicity under
freeze temperatures. A flexible superhydrophobic coating which could repel water
and ice even at —20 °C with a relative humidity (RH) of 90% for more than three
months was also reported [136]. Anti-icing properties of single nanostructured
and micro-nanostructured superhydrophobic surfaces were also analysed. It was
found that the single nanostructure surface demonstrated a reduced icing area and

an icing mass than those of the micro-nanostructured surfaces [137].

2.4 Surface energy and low surface energy polymers

Low surface energy is essential for hydrophobicity of the surface. This low surface
energy is obtained by the deposition of some hydrocarbon substances on the
surface. The term hydrocarbon is used because they are inherently hydrophobic in
nature. The organic molecules generally consist of hydrogen and carbon atoms.
These atoms have low surface energy but not enough low energy to produce
superhydrophobicity. So for superhydrophobicity the hydrogen atoms of the
organic molecules are replaced by fluorine atoms. The fluorine atoms have much

lower energy than corresponding hydrogen atoms and thus produce
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superhydrophobicity on the surface effectively. There are also various other ways

by which surface energy can be lowered and some of them are discussed below.

2.4.1 Low surface energy via surface treatment

(1) Organic acids

Possible method reported for surface energy reduction is deposition of stearic acid
(SA). Before deposition of SA the surface roughening is essential. SA can be
deposited ultrasonically as well as by normal immersion but ultrasonication leads
to better result of superhydrophobicity than normal immersion. Different
concentration of stearic acid can be used to find out the best result. After deposition
of SA the substrates are cleaned properly with ethanol and finally dried at higher

temperature [86, 138, 139].
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Figure 2-6. Schematic diagram of modification of sodium hydroxide (NaOH) etched
aluminium surface after treatment with stearic acid [140].

Figure 2-6 depicts the schematic diagram of the modification of etched aluminium
alloy sample surface with stearic acid. After etching the alloy surface got converted
to AI(OH)s. When stearic acid molecules are introduced the H atoms of stearic acid
forms a weak H bonding with the O atom of Al-OH bond. Finally condensation takes
place and it loses a water molecule and the stearic acid gets attached to Al atom

via strong Al-O-CO bond. In another instance, the superhydrophobicity is obtained
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on aluminium alloy surface by the deposition of copper followed by modification

with ethanolic stearic acid [141].

Figure 2-7. SEM image of the aluminium substrate (a) after deposition of copper
films at 0.8 V for 10 minutes and (b) after electrochemical modification of the
deposited copper films in ethanolic stearic acid solution at 30 V for 30 mins [127].

Figure 2-7 depicts the SEM image of the aluminium substrate after deposition of
Cu film and after modification of the Cu- film with ethanolic stearic acid
respectively. The Cu-film was deposited at a potential of 0.8 V and the deposition
was continued for 10 mins. Rough surface was formed on aluminium substrate as
evident from Figure 2-7 (a) and the water contact angle was measured to be 51 °,
on the other hand after modification of the surface with stearic acid the contact

angle increased to 157 ° which is depicted in Figure 2-7 (b).

Ethanolic lauric acid solution is also reported to produce superhydrophobicity on
aluminium alloy surface. The surface was first modified with a mixture of 100 g/L
sulfuric acid (H2S04), 10 g/L oxalic acid (C2H204) and 10 g/L glycerol (C3HgO3). The
treatment of the aluminium samples with this mixture of acids are varied between
10 to 120 mins and it drastically affects the final water contact angle of the lauric
acid coated surface. The samples are treated with 5 wt% ethanol lauric acid

solution for 1.5 h [96].

23



The contact angle obtained for superhydrophobic coating by different method is
being listed in Table 2-1. For different process different time and different
chemicals are used to produce the roughness on the surface but to produce low
surface energy same chemicals are used under same condition for all the samples.
It is clear that the best result for the water contact angle is obtained for a mixture
of sulfuric acid, oxalic acid and glycerol with water contact angle around 167.9 °.

Table 2-1. The contact angle (CA) and total time used to fabricate
superhydrophobic surface by different methods [96].

Method Contact angle Total time /

(CA/°) min

two-step anodic oxidation method with 167.9 150

H2S04, C2H.04, C3HgO3

two-step anodic oxidation method with 159.6 150

H3PO4

two-step chemical etching method with 156.8 101

FeCls, HCI

two-step chemical etching method with 159.1 23

FeCls, HCI

(111) Aluminium acetylacetone

In another method a unique process for preparing transparent superhydrophobic
coating has been reported by using sublimable pore-forming material. Aluminium
acetylacetonate (AACA) is being used as the sublimable compound which sublimes
at 193 °C and boehmite (AIOOH) is being used as the film material. AACA is mixed
in ethanol and the weight ratio of boehmite and AACA to ethanol was 0.005 and
0.05. The mixture was sonicated for 20 mins. During the sonication AACA dissolves
in ethanol. Then the sonicated mixture was deposited on the substrate surface by
spin coating at 1000 rpm speed for 10 s. Then they are dried at room temperature
and the substrate becomes opaque. Then the coated substrate was calcinated on
a heated hot plate at 500 °C for 20 s. Now the substrate becomes transparent

again [142].
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Figure 2-8. SEM micrograph of prepared films (a) Film prepared from suspension
containing only boehmite and (b) Film prepared from a suspension containing
boehmite and AACA [142].

Figure 2-8 (a) and (b) depict SEM micrograph images of substrate after depositing
on boehmite film and after depositing a composite film of boehmite and AACA
respectively. It is evident that with the deposition of boehmite film, there is no
significant change on the substrate surface morphology but after the deposition of

the composite film, the surface morphology appears to be rougher.

(1V) Hydrocarbon and fluorinated hydrocarbon

In another process two compounds are wused to produce stable
superhydrophobicity. The aluminium alloys are treated with sodium hydroxide
(NaOH). Then they are rinsed with deionized water and finally dried at 120 °C for
1 h. After that the aluminium alloy surface is first modified with perfluorononane
(CoF20) and poly(dimethylsiloxane)vinyl terminated (PDMSVT) containing 1 wt%
curing agent dimethyl methyl hydrogen siloxane was deposited on the surface.
Both the films are obtained by spin coating at the speed of 3000 rpm for 30 s and

then the samples are annealed at 80 °C for 2 h [143].

Hydrocarbon and fluorinated-hydrocarbon coatings can effectively produce
superhydrophobicity on the aluminium alloy surface. They are deposited on the

substrate surface by the process of plasma enhanced chemical vapour deposition

25



(PECVD). The RF source is used with a mixture of Ar and CH4 for hydrophobic
coating and Ar, CH4 and CzFe for fluorinated hydrocarbon coating at a power of 100
W [144]. The high vacuum chamber was maintained at a pressure of 20 mTorr and
the base pressure was 2x10°° Torr. And a voltage of 50 V applied on the substrate.

Then the coating was deposited on an etched aluminium substrate [145].

(a) (b)

Figure 2-9. (a) SEM micrograph image of aluminium alloy substrate after etching
and deposition of fluorinated hydrocarbon and (b)Image of a water drop suspended
from a syringe needle during contact angle hysteresis measurement on
fluorinated-hydrocarbon coated aluminium [145].

Figure 2-9 (a) shows surface morphology of the aluminium alloy substrate after
being chemically etched and modified with fluorinated hydrocarbon and Figure 2-9
(b) is the image of a water drop suspended from a syringe needle while measuring

water contact angle hysteresis.
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2.4.2 Polymer coatings

Polymers containing fluorine atoms (Fluorocarbons) are unique as they can repel
both oil and water. There has been great developmental work optimizing
fluorocarbon polymers as ultra low adhesive materials. Comercially available
fluorinated side chain acrylic and methacrylic polymers are typical low surface
energy coating materials [146]. Amongst the numerous molecular structures
investigated, a close-packed uniform CF3 surface was found to possess the lowest
surface tension ever measured [147]. In this section, different polymer coatings

used as low surface energy polymer coatings will be discussed.

) Polyfluoroacrylate

Polyfluoroacrylate emulsion can produce low surface energy on the substrate
surface. It generally consists of several organic components including a fluorinated
organic compound, which could be synthesized by emulsion polymerization. One
synthesis process of such polyfluoroacrylate emulsion consists of two stage
process. In the first stage methyl methacrylate (MMA), butyl acrylate (BA), acrylic
acid (AA), hydroxyl propyl acrylate (HPA) are mixed together with vigorous
magnetic stirring. Then the mixture is added to a emulsifier solution and the
mixture is stirred with a high dispersion homogenizer. Then the above prepared
solution and potassium persulfate (KPS) solution added dropwise continuously to
small volume of water with magnetic stirrer. It is refluxed with a refluxed
condenser for 2 h at 80 °C under magnetic agitation. The solution was allowed to
react to get the core PFA emulsion. In the next stage in another container MMA,
BA and certain amount of dodecafluoroheptyl methyl acrylate are mixed together
and homogenized as the first step. Then this fluorinated emulsion and KPS solution

added to the core emulsion under agitation within 2 h at 80 °C. Finally
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polymerization continued for another 1 h. The PFA emulsion was obtained after

cooling to room temperature [148].
) Fluorinated polymethyl acrylate

Fluorinated poly(meth)acrylate can also be potentially used as a low surface energy
material. These are used for wide specialty range and properties of transparency
and resistance to detoriation by environmental effects. Most often used
poly(meth)acrylate is poly(-methyl methacrylate) also known as PMMA.
Poly(meth)acrylate copolymers containing fluorinated groups possess remarkably
low surface energies, low friction co-efficients and incompatibility with strong polar
solvents [149-151]. These are prepared by free radical random co-polymerization.
Here azobisisobutyronitrile (AIBN) is being used as initiator. The random
copolymerization of 1,1-dihydroperfluorooctyl acrylate with methyl methacrylate

(MMA), styrene butyl acrylate (BA) and ethylene has been reported [149].
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Reaction 2-1 represents the schematic synthesis process of formation of random
co-polymers of P(BSPPECBPMA-co-MMA) in the presence of 2-butanone at 60 °C.
In the polymerization all the other groups remain unaffected except the C=C

attached to CO group.
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(1 Polytetrafluoroethylene

Polytetrafluoroethylene (PTFE) is a low surface energy material which can
significantly lower the surface energy of roughened aluminium surface. This
material is generally being used in anti-adhesion agents and chemical insulators
coatings because of its very low surface energy. The hydrophobicity of PTFE is due
to the fluorination of the carbon bonds. But it is very difficult to handle because of
its insolubility, viscosity and melt strength. 20 wt % PTFE emulsion can be
prepared by dispersing 2.0 g PTFE in 10 ml dimethylformamide (DMF). The solution
is homogenized properly and then applied on the substrate surface as a composite

coating with nanoparticles [152].

(1v) Polypropylene

Polypropylene is another polymer that may be used to generate hydrophobicity.
The surface of the aluminium substrate is anodised first then polypropylene is
deposited on the anodised substrate. Various concentration of polypropylene can
be used for deposition and from the water contact angle measurement optimum

concentration of polypropylene for superhydrophobicity can be determined [153].

V) Block copolymers

Block co-polymers can also be deposited on the substrate surface to obtain
superhydrophobicity. These block copolymers can form micelles. Depending on the
concentration of the co-polymer they can form two types of micelle in selective
solvent. When the concentration is very low (< 10 gmL?) then monomolecular
micelles are formed due to the length of the molecular chains. On the other hand
at higher concentration (>10% gL!) multimolecular micelles are formed.
Superhydrophobic coating of block copolymer of polypropylene and poly(methyl

methacrylate) (PP-PMMA) is dissolved in dimethylformamide (DMF) to form micelle
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solution. The micelle is composed of insoluble core of PP chains and a soluble shell
of PMMA chains. The mixture was casted on the substrate surface at room
temperature with varying concentration to obtain the best result of

superhydrophobicity [154].

(@) (b)

Figure 2-10. SEM images of PP-PMMA surface (a) Micelles deposited on a surface
cast from DMF solution at a PP-PMMA concentration of 1x10% gmL! and (b)
Micelles aggregates deposited on a surface cast from DMF solution at a PP-PMMA
concentration of 5x102 gmL[154].

Figure 2-10 represents the surface morphology of the substrate when PP-PMMA
block co-polymer is deposited on the surface. Figure 2-10 (a) is the surface
morphology when the concentration of the PP-PMMA copolymer is low i.e. 1x10#
gmL'and Figure 2-10 (b) is the surface morphology at the high concentration of
the copolymer i.e. 5x10°2 gmL™!. It is clear that when the concentration of the co-

polymer is high the aggregation of the co-polymer takes place.

(V1) Fluorinated polybutadiene

Plasma fluorinated polybutadiene can also be used for superhydrophobic coating
on aluminium surface. So polybutadiene (Aldrich, Mw=420000, 36 % cis 1,4
addidtion, 55 % trans 1,4 addition, 9 % 1,2 addition) is dissolved in toluene at a
concentration of 5 % (w/w). The mixture is spin coated on the substrate surface.

Then the films were subsequently annealed at 90 °C under vacuum for 60 min in
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order to remove excess solvent. These polybutadiene films are plasma fluorinated

to achieve superhydrophobicity [155].

Polybutadiene
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Figure 2-11. Schematic diagram of stepwise procedure of plasma fluorination of
polybutadiene coated substrate[155].

Figure 2-11 shows schematic diagram of plasma fluorination of a polybutadiene
coated substrate. After coating the substrate with polybutadiene it is being
fluorinated with CF4 plasma which also provides roughening. After that the system

is heated and crosslinking occurs of the CFx surface molecules.

(VI Silane compounds

As described before the surface roughness on aluminium surface can be obtained
by depositing nanoparticles. These nanoparticles can also be modified to get the
low surface energy. Tridecafluoro-1,1,2,2-tetrahydrooctyltrichlorosilane
(CsH4Cl3F13Si, FDTS) is used to produce a self-assembled monolayer on the

nanoparticles. The alkoxy groups on the surface are hydrolysed to form silanol-
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containing species. The monolayer is formed by a process of silanization. The
silanization of nanoparticles with the RSiCls particles starts with the hydrolysis of
Si-Cl bond to Si-OH. The -OH groups on the surface can form hydrogen bond with
each other. Then a condensation reaction occurs where the adjacent —~OH groups

react with each other and form Si-O-Si bridging bonds [156].
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Figure 2-12. Schematic diagram of the salinization of silica nanoparticles using

FDTS [156].

Figure 2-12 depicts the schematic diagram of the salinization of silica nanoparticles
with FDTS. It is clear that the Si-Cl group of FDTS is hydrolysed and gets attached
to the silica nanoparticles. Finally these Si atoms will get bonded with the

neighbouring Si atom via Si-O-Si bond.

(V) Fluoroalkylsilane

Fluoroalkylsilanes (FAS) are mostly used for hydrophobic coating on the surface
[53, 157, 158]. The tail end group of FAS molecules is the hydrophobic fluoroalkyl
group. They can be deposited on the substrate surface by simple sol-gel processing
method. FAS is being used as a precursor. Nanoparticles are functionalized using
FAS molecules and then they are deposited on the substrate surface.
(Heptadecafluoro-1,1,2,2-tetrahydrodecyl) trimethoxysilane (17FTMS) can be

used for this process. 17FTMS in small amount is added to a mixture of deionized

32



water, ammonia and ethanol. Where ammonia is being used as a catalyst and
water is used to promote hydrolysis. The functional methoxy group of 17FTMS
undergoes hydrolysis and polycondensation reactions to form network structure
with non-hydrolyzable fluorocarbon groups. This then mixed with nanoparticles

and deposited on the substrate surface [157].

(1X) Hybrid coating

A hybrid material is defined as a combination of one or more dissimilar components
to produce a single entity. For superhydrophobic coating again organic and
inorganic hybrid coatings are also used. The hybrid material can enhance the
hydrophobic property of the constituent materials or it can produce new
hydrophobic property very different from that of the constituent materials. Hybrid
superhydrophobic coating has been reported by a mixture of
polymethylhydrosiloxane (PMHS), poly(vinyl chloride) (PVC), fluorinated
methacrylate, mercapto functional monomers and various functional silane

precursors [148].

Table 2-2 shows the surface energy values of some most commonly used polymer
for low surface energy industrial applications. Polytetrafluoroethylene (PTFE) has
the lowest surface energy of 20 ml/m? of them all and hence widely used for
hydrophobic applications. Polypropylene and polyethylene have low surface energy

of 29.6 and 35.7 mJ/m? respectively.
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Table 2-2. Surface energy values of some commonly used polymers (ml/m?)
[159].

Polymer Surface energy measured (y /
mJ/m?2)

PTFE 20

Polypropylene 29.6
Polyethylene 35.7
Polystyrene 40.7
PMMA 41.1
PVC 41.5
PET 44.6
Nylon 6 46.5

2.4.3 Polymer synthesis via chain growth and step growth process

Polymers are long chain giant organic molecules assembled from many smaller
molecules called monomers. Polymers usually consist of a single repeating unit.
Modern polymer chemistry allows the precise control over polymer architecture,
molecular weight, functionality and other properties. Both chain growth (i.e. ionic
or radical polymerization) and step growth (i.e. polycondensation and polyaddition)
polymerization techniques are applied for the generation of a variety of soluble or
cross-linked materials. This, in combination with postpolymerization modifications,
such as crosslinking in emulsion or introduction of dyes, drugs or targeting moieties
allow the design of desirable properties, e.g. biological recognition, degradability
or other properties. As mentioned before the synthesis of polymers is broadly
classified into two categories : step growth polymerization and chain growth

polymerization.

2.4.3.1 Polymerization via chain growth polymerization
In chain growth polymerization, reaction consist of several steps: chain initiation,

chain propagation, chain transfer, chain termination. The details of the reaction
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mechanism will be discussed later in details. The chain growth polymerization can
further be classified as radical, ionic, co-ordination, living, ring opening, reversible-
deactivation polymerization etc. Self-condensing vinyl polymerization of 2-((2-
bromopropionyl)oxy)ethyl acrylate results in the formation of hyperbranched
polyacrylate and the process is atom transfer radical polymerization [160]. These
hyperbranched polymers are very important and can provide intramolecular
cavities, abundant functional groups, low viscosity and high solubility [161]. Vinyl
polymers are usually synthesized by ionic polymerization as it can control the
structure and architecture of the synthesized polymer and assure low
polydispersity [162]. Co-ordination polymerization is usually catalysed by
transition metal complexes [163]. The most common industrial co-ordination
polymerization processes are Ziegler-Natta polymerization of 1-olefins and

production of high density polyethene [164].

2.4.3.2 Polymerization via stepwise growth polymerization

Another main classification of polymerization is step growth polymerization. Step-
growth polymerization, or condensation polymerization, is commonly employed to
produce polyesters and nylons. The polymerization reaction occurs between
the functional groups of molecules. Small molecules such as water are eliminated
by the chemical reaction in step-growth polymerization. In step-growth
polymerization, one or more types of monomerscan be involved, and
each monomer should have at least two sites for bonding. For polymerization with
more than one type of monomers, for example, involving A and B monomers, A-
B step-growth polymerization or A-A/B-B step-growth polymerization can occur
[165]. Important polymers like polyester, polyamide, polysiloxane, polyurethane
etc. are synthesized through step growth mechanism. The reactivity of the
functional groups is unaffected by the length of molecular chain it is attached to

[166].
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Monomer + monomer —— Dimer

Dimer + monomer — Trimer
Dimer + dimer — Tetramer
Trimer + monomer —— Tetramer
Trimer + dimer — Pentamer
Trimer + trimer — Hexamer
Etc.

Figure 2-13. Illustration of steps leading to a polymer in step growth
polymerization [166].

Figure 2-13 shows schematic illustrations of various steps in step growth
polymerization reaction. The functional groups on two monomers react to form a
dimer, the dimer reacts with another monomer to form a trimer, and these
reactions lead to many monomeric units linked to form an intermediate molecular

weight material, which is known as an oligomer, and eventually a polymer.

2.5 Surface morphology

High surface roughness can amplify the surface hydrophobicity. A physical structure
of micro and nano-sized rough morphology can be obtained using various
fabrication techniques, such as laser ablation, anodizing, sandblasting, nano/micro
particle deposition and electrochemical etching [167]. Subsequently, the surface
energy of the roughened surface could be reduced through chemical treatment. In

this section, several surface modification processes will be reviewed.
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2.5.1 Anodisation

Anodisation is a common method for producing surface roughness but it is not
applicable for all the substrates. Aluminium is the main substrate on which
anodisation applied. The main principle is that the substrate aluminium is used as
anode and for counter electrode (cathode) graphite or platinum may be used. The
whole circuit is completed via an electrolyte solution. The whole process is carried
out at a constant voltage or current for a particular time and a particular
temperature. The voltage, current, time and temperature depends on the
electrolyte used. This process is very popular and mostly used for colouring any
aluminium substrate. Several electrolytes of different concentrations are used for
the process. The anodisation process produces an oxide film on the substrate
surface. The oxide films again may be of two types — dense barrier film, porous
film. The mostly used anodisation electrolytes include sulfuric acid (H2S04), oxalic
acid (H2C204), phosphoric acid (H3PO4) and chromic acid (H2CrO4). These
electrolytes produce porous oxide films which are slightly soluble. The porous films
can be controlled by anodising current density and anodising time. For dense
barrier films boric acid, ammonium borate or ammonium tertraborate can be used.

The thickness of the layer can be controlled by anodising voltage [168].

) Sulfuric acid anodisation

For sulfuric acid anodisation mainly low temperature is used 10 °C or less. The
potential used is in the range of 20-40 V and the time of treatment is also varied.
The concentration of sulfuric acid used is 16-25 wt%. The temperature of sulfuric
acid anodisation should be very low because if the temperature is very high then
no good surface morphology is obtained. The sulfuric acid anodisation at higher
temperature results in formation of an oxide layer which is brittle in nature and
thus will have no mechanical durability. It is being reported that when the

anodisation temperature increased from 5 - 25 °C the microhardness gradually
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decreased but the wear resistance remained constant but as the temperature
increased further to 55 °C the wear resistance started to decrease and hence
decreasing mechanical durability [169]. So the most important factor for sulfuric

acid anodisation is that the temperature must be maintained low at all the time.

(a) (b)

Figure 2-14. SEM images of porous aluminium oxide film on substrate surface at
electrolyte temperature of (a) 35 °C and (b) 55 °C [169].

The surface morphology of aluminium oxide film on substrate surface shows that
it is porous in nature and highly dependent on electrolyte temperature as depicted
in Figure 2-14 (a) and (b). It is also evident that with increase in electrolyte
temperature the pore diameter gradually increases. When the anodisation was
carried out at 35 °C electrolyte temperature shown in Figure 2-14 (a) then the
pores formed are uniform on the surface. Again when the electrolyte temperature

was 55 °C then the pore diameter increased and some of the pores joined together.

(1) Oxalic acid anodisation

The next common anodisation is oxalic acid anodisation. It is named so as oxalic
acid is being used as the electrolyte. The reaction can be performed at room
temperature but the duration of the reaction is very long, around 10-13 h. The
concentration of the oxalic acid used is 0.25-0.5 M. this is expected to produce a

very uniform and rough microstructure on the surface [170].
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(1 Organic acid anodisation

Some anodising uses organic acid as the electrolyte. The organic acids are as
follows acetylenedicarboxylic acid, malic acid, a mixture of croconic and rhodizonic
acid etc. The condition for anodisation changes is different from previous
mentioned processes. When a mixture of croconic and rhodizonic acid is used as
electrolyte the concentration of the acids are kept low 0.1 M of each. The
anodisation was carried out for 60 mins and the current density is varied between

5-80 Am=. For counter electrode or cathode platinum is used [171].

Again when acetylenedicarboxylic acid is being used as electrolyte then 0.3 M
solution of the acid is used. The time of anodisation is 180 mins but the voltage
was kept very high 87.5-97.5 V range. Here also platinum is being used as counter
electrode. The whole system is kept in a water bath to maintain the temperature

and the solution is stirred using a magnetic stirrer [171].

Malic acid of 0.5 M can be used by anodisation of aluminium as well. The counter
electrode is platinum and the anodisation was carried out for 48 hours. The reaction
was carried out at constant but very high voltage of 200-350 V. The mixture was
also stirred using a magnetic stirrer [172]. Other than these acids, selenic acid
also used for anodisation. It is reported that by this process self-ordered porous
aluminium films are obtained [171]. Malonic acid and tartaric acid were also used

for anodisation [173].
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Figure 2-15. SEM images of aluminium surface after anodisation with (a) Malic acid
[172] and (b) Selenic acid [171].

Figure 2-15 represents the morphology of aluminium oxide on aluminium surface
when two different types of organic acids are used malic acid shown in Figure
2-15 (a) and selenic acid in Figure 2-15 (b). The advantage of selenic acid over

malic acid is it has a self-ordering character of the pores formed.

Irrespective of the electrolyte and the other conditions the anodisation process
requires some pre and post treatment. The pre-treatment includes the cleaning of
the samples properly and electropolishing and the post-treatment requires removal
of the produced oxide layer by chemical etching process and cleaning and drying
of the samples. For the pre-cleaning of the samples, ultrasonication process is
often used. Acetone and ethanol could be added during the ultrasonication. As for
the electrochemical polishing 1:4 mixture of perchloric acid (HCIO4) and ethanol
(C2HsOH) is being used at low temperature and for small interval of time. While
the removal of oxide layer takes place in a mixture of phosphoric acid (H3PO4) and

chromic acid (H2CrO4) at 60 °C.
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2.5.2 Chemical Etching

2.5.2.1 Acid etching

This surface roughness can be obtained via several methods. One important
method is acid etching. The main inorganic acids are corrosive in nature. So if they
can be used in proper concentration then they can produce microstructured rough
surface on aluminium. One of such solution is a mixture of hydrochloric acid (HCI,
37 wt% , 40 mL) and hydrofluoric acid (HF, 40 wt%, 2.5 mL)with distilled water
(12.5 mL). The reaction can be performed at room temperature. The time of
treatment is also very low 60 s -90 s [127]. The HF acid is very reactive in nature
so it is being used in very small amount to avoid any explosion whereas HCl is
corrosive but not very reactive so this is used in substantial amount and the rest
volume is made up with distilled water. After this step the acid on the surface must

be removed properly so that it cannot interfere in further processes.

(a) (b)

Figure 2-16. SEM images of aluminium surfaces Polyfluoroalkyltryethoxysilane
(PFO) coated and etched with mixed acid solution for (a) 10 s and (b) 20 s [127].

Figure 2-16 represents the SEM images of the aluminium substrate surface which
are coated with PFO and etched with a mixed acid solution for various times. It is
clear from the images that with the increase in the etching time the surface

appearance changes and so does the surface roughness.
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Instead of a mixture of acid only one acid can also be used for etching process. It
is being reported for producing superhydrophobicity using Teflon coating. So
before the application of Rf-sputtered Teflon coating the aluminium alloy samples
are etched with 14.8 % HCI for different times ranging from 1 to 5 mins. It is also
important that minimum of 2.5 min is necessary for sufficient roughness [144].
Compared to the previous step this process is relatively easy and less harmful as
it doesn’t include use of HF acid. But since HCI is less reactive than HF so more

time is necessary to carry out the process to create sufficient roughness.
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Figure 2-17. (a) ESEM image of ultrathin rf-sputtered Teflon coated aluminium
sample etched with 14.8 % HCI for 2.5 min and (b) Change in thickness of
aluminium substrates with etching time [144].

Figure 2-17 (a) represents ESEM image of aluminium surface after being etched
with 14.8 Wt% of HCI solution and subsequently coated with Teflon by RF-
sputtering process. It is clear that the surface is considerably rough. Figure 2-17
(b) depicts the trend of change in thickness of the aluminium substrate with the
etching time. It is evident that with high etching time the substrate thickness
decreased significantly, but when the etching time is short, there is no significant

change in thickness.
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Peroxide mixed with acid can also be used for creating surface roughness on
aluminium as well as on steel. Peroxide is used because of its high reactivity. The
process reported uses a mixture of HNO3 and H20:2 solutions in the ratio of (1:1 -
1:2, v:v) at room temperature. The time for etching is 20 mins for aluminium
sample. After etching the samples are rinsed with deionized water followed by
drying in flowing N2 and then oven heated at 80 °C for 30 mins [86]. The H20:2
undergoes homogeneous fission reaction and produces OH radical. This produced
OH radical is very reactive which helps in the etching process. The main concern
in this method is the controlled use of H202. If there is excess peroxide it can
seriously interfere in the further reaction so the complete removal of H20: is

essential.

2.5.2.2 Alkali etching

Alkali etching is another simple method for producing rough surface. Generally
NaOH or KOH can be used for the purpose. Alkalis are also corrosive in nature as
acids. So the concentration of the alkali and the time of treatment should be
maintained properly. The sodium hydroxide can be mixed with fluoroalkyl-silane
and substrates can be immersed in it. So superhydrophobicity can be obtained in
one step only. The sodium hydroxide used was 0.1 M in concentration and the
fluoroalkyl-silane used was also in very low concentration 400 mM. The mixture
was ultrasonicated with the substrate for 30 mins [145]. The substrates were then
rinsed properly via ultrasonication to remove excess NaOH or fluoroalkyl-silane.
Here the NaOH provides the required roughness to the surface while the

fluoroalkylsilane provides the required low surface energy.
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Figure 2-18. SEM image of aluminium surface treated with NaOH and fluoroalkyl
silane (FAS-17) and inset shows a magnified image as well as a water drop image
[145].

Figure 2-18 shows the SEM image of aluminium surface after treatment with NaOH
and FAS-17 respectively and also the water drop on the surface and the
corresponding water contact angle. The water contact angle is high 162° with low

contact angle hysteresis (CAH). The surface is also sufficiently rough.

2.5.3 Growth of carbon nanotubes on substrate surface

Multiwalled carbon nanotubes (MWCNTs) can be also used to produce rough
nanostructure on the substrate surface. The carbon nanotubes are used due to
their high aspect ratio [64]. The nanocomposite coatings prepared using carbon
nanotubes are expected to be ultrastable and healable. The MWCNTs are acid
activated and by altering the temperature of acid activation and diameter of the
carbon nanotubes, different microstructures can be obtained. To activate them
MWCNTs (1.0 g) are treated in 100 ml of concentrated sulfuric acid (H2S04) and
nitric acid (HNOs) in 3:1 (v/v) mixture at 60, 70, 80 and 90 °C respectively for 1
h [122]. The carbon nanotubes are used because it has very high strength and
also low density. The diameter of the MWCNTSs are in the range of 10-20 nm, 40-

60 nm or 60-100 nm are used.
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(d)

Figure 2-19 .SEM images of the Polysiloxanes (POS)/ MWCNTs surfaces annealed
at (a) 60 °C, (b) 70 °C, (c) 80 °C and (d) 90 °C for 1 h with different MWCNT
activation temperature [122].

Figure 2-19 (a-d) represents SEM images of POS/ MWCNT coating on aluminium
substrate. The MWCNT was activated at 60 °C, 70 °C, 80 °C and 90 °C respectively.

The surface microstructure changes with the activation temperature.

2.5.4 Surface modification using nanoparticles

U] Different silica nanoparticles

Nanoparticles are also very popular for producing nanostructured surface
roughness for hydrophobic applications. By controlling the rate of deposition of the

nanoparticles the thickness of the layer may be controlled properly. There are

45



several nanoparticles which are in use, SiO2, TiO2, ZnO to name quite a few. SiO2
particles are very useful as they can also be modified into hydrophobic particles.
When it is deposited on the substrate surface, the SiO2 particles condenses on the
surface and produces -Si-0-Si- bridging bond on the substrate surface. This silicon
atoms can get attached to hydrophobic molecules. The nanoparticles are not
applied individually but they are mixed with hydrophobic particles and then the
composite coating is applied on the substrate surface. The size and amount of the
nanoparticles must be controlled very precisely. If they are not controlled properly
then the surface properties may decrease instead of increase. In general the
amount of nanoparticles is kept very low and their size is in narrow range.
Thermally robust superhydrophobic coating is a mixture of thermoplastic
polyurethane (TPU) and silica nanoparticles. The silica nanoparticles are deposited
on a TPU coated substrate. The amount of nanoparticles used is 30, 100, 200 and
300 mg respectively. They are dispersed in toluene via vigorous stirring for 6 h.

Afterwards again dispersed for 1 h via ultra-sonication [174].

Figure 2-20 . SEM images of aluminium substrate surface (a) Poly urethane (TPU)
coating only and (b) silica deposited coating only and the insets are corresponding
water drop profile[174].

The surface morphology of aluminium surface after TPU coating only is shown in

Figure 2-20 (a) and from the water drop profile it is clear that low water contact
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angle is associated with that. In Figure 2-20 (b) surface morphology of silica coated
aluminium substrate is shown and it is significantly rough. From the water drop

profile it is also clear that high water contact angle is associated with that.

But instead of using only silica nanoparticles there is a much more use of
hydrophobic silica nanoparticles. The normal silica nanoparticles can be converted
to hydrophobic silica nanoparticles by treating them with hydrophobic material.
There are several fabrication methods reported as well as hydrophobic silica
nanoparticles are also commercially available. The hydrophobic silica nanoparticles
with 7 nm mean diameter can be mixed with poly (methyl methacrylate) of 5 wt%
and 7 wt% solution of polysiloxane. The mixture should be stirred vigorously and
then can be sprayed on substrate surface. The poly (methyl methacrylate) can be
prepared in toluene while the polysiloxane can be prepared in white spirit [175].
Again hydrophobically modified silica (HMS) particles are mixed with PTFE solution
(20 wt% ) in dimethylformamide (DMF) solution by ultrasonication and then

applied on the substrate surface [152].

The fluorinated silica nanoparticles can be synthesized by the following process. In
a hot plate and at temperature 50 °C ammonium hydroxide (NH4OH) and ethanol
(C2HsOH) are mixed together using magnetic stirrer. While stirring a solution,
tetraethoxysilane (TEQOS) is added dropwise into the mixture. When the
transparent mixture turns opaque it confirms the formation of silica nanoparticles.
Thus formed silica nanoparticles are further modified in an ethanolic solution of
FAS-17 (Ci19H19F1703Si). These nanoparticles are coated on the substrate surface
and dried on a hot plate at 70 °C [5]. So the modification of silica nanoparticles
can provide both surface roughness and low surface energy simultaneously. So no

further treatment of the surface is required.
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Figure 2-21. SEM images of fluorinated silica nanoparticles of sizes 169 £ 8 nm

[5].

Figure 2-21 shows fluorinated silica nanoparticles of size 169 = 8 nm. These silica
nanoparticles are hydrophobic in nature. When these fluorinated silica

nanoparticles are deposited on aluminium surface it produces hydrophobicity.

)] TiO2 nanoparticles

Titanium dioxide (TiOz2) is another nanoparticle that can be used to create surface
roughness on substrate surface. The TiO2 nanoparticles can be used in combination
with a polysiloxane binder and can be applied on substrate surface. The coatings
are stable at a wide range of temperature (-20-200 °C) and also durable within
the entire pH range 1-14. The highest hydrophobicity was obtained at a TiO2
content of 35 wt% [176]. The TiO2 nanoparticles can also be prepared in the
laboratory by reaction of solution of titanium (IV) in isopropylic alcohol (molar ratio
1:4) with water. The reaction was performed in an ultrasonic bath at room
temperature. The gel obtained was aged overnight at room temperature for
ensuring complete hydrolysis and then dried at a temperature 343 K. The dried
material was again heated at 773 K in air for 2 h (heating rate 10 K/min) in order

to get fully crystallized material and also to remove all the contaminants [177].
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ab ZnO nanoparticles

ZnO nanoparticles are also used to provide surface roughness on substrate surface.
The surface roughness is obtained by simple immersion and ultrasonication. The
substrates are immersed into a 50 mL aqueous solution containing 0.01 M
Zincacetate [Zn(Ac):2] and 0.1 M trimethylamine and stirred at 40 °C for different
intervals. Then they are washed with distilled water and dried at 100 °C for 1 h

[138].

Figure 2-22. SEM images of ZnO coated aluminium (a) by classical dipping method
and (b) by ultrasonication method [138].

SEM images of ZnO coated aluminium substrate surface is given in Figure 2-22 (a)
and (b). While in the first case ZnO is deposited by classical dipping method and
in the later the ZnO is deposited by ultrasonication method. It is evident that the

surface roughness is better when ZnO is deposited by ultrasonication.

2.5.5 Surface modification using functionalised nanoparticles
n Nanopatrticle composite

Nanoparticle-polymer composite can also be used to obtain superhydrophobicity.
The nanoparticle-polymer composite preparation requires various steps which
include synthesis of acrylic polymer resin, preparation of polymer binder and finally

the particle-polymer composite. The acrylic polymer resin is the main low surface
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energy material. The polymer binder mainly helps in binding the polymer with the
substrate surface as well as the nanoparticles. Styrene, butyl methacrylate and
glycidyl methacrylate mixture can be used to produce such polymer resin using
azodiisobutyronitrile (AIBN) as an initiator. For the binder a mixture of toluene,
silicone resin and acetone can be used and the mixture is cured at high

temperature [25].

In addition to above silicon-polymers and palmitic acid can also be used to prepare
hydrophobic surface. The silicon—-polymer used in the form of room temperature
vulcanization of silicon rubber. The samples are first chemically etched and then
the etched samples are dip coated with the polymer and acid mixtre and finally it

is cured at higher temperature [127].

Nanocomposite coating can also be prepared by modifying carbon nanotubes with
a polysiloxane. The polysiloxane modified carbon nanotubes and free polysiloxane
are highly dispersable in various alkenes and arenes. The mixture can be easily
spray coated on the surface. The polysiloxane modified carbon nanotubes can be
prepared by hydrolytic condensation of tetraethoxysilane (TEOS) and n-
hexadecyltriethoxysilane (HDTES) in presence of acid activated carbon nanotubes.

Then they are dispersed in solvent and applied on the surface [122].

)] Nanoparticle consisting polyelectrolyte multilayer

Polyelectrolyte multilayer films can also produce superhydrophobicity on
aluminium alloy surfaces. First it was reported via deposition of SiO2 nanoparticle
multilayer. Then heating the layer at 650 °C to remove the polyelectrolyte to
produce required surface roughness [178]. Again dendritic gold clusters were
electrochemically deposited on electrodes covered with polyelectrolyte multilayer
film. The surface showed superhydrophobicity by deposition after deposition of n-

dodecaethiol monolayer [75]. In another report superhydrophobic surface can be
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obtained by using appropriate combination of acid treatment polyalkylamine
hydrochloride (PAH) /polyacrylic acid (PAA) 8.5/3.5 (pH/pH). It can produce
honeycomb like structure on the surface. But the main important thing that is to
be kept in mind is that the film not to be rinsed by water after low pH treatment

and staged pH treatment protocol is better than a single low pH treatment [179].

Figure 2-23: SEM images of (PAH/PAA) films (a) After single acid treatment and
(b) After a combined acid treatment [179].

Figure 2-23 shows SEM images of aluminium substrate surface coated with
PAH/PAA films. In Figure 2-23 (a) the substrate undergoes single acid treatment
at low pH. The surface is also rough in nature. In Figure 2-23 (b) it undergoes a

high pH treatment and hence the surface roughness decreases dramatically.
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3 Methodologies

3.1 Introduction

The main objective of the project is to synthesize a low temperature curing polymer
with high adhesion on the substrate surface and to produce hydrophobicity and
icephobicity on it. The research will include the following sequential; experimental

process.

Synthesis and characterization of the low surface energy material

Formation and charcterization of proper surface morphology required for the
application

Characterization of hydrophobiciity and icephobicity of the surface

Evaluation of durability of the coating on the substrate

Figure 3-1. Schematic diagram of the experimental outline of the research.

Figure 3-1 represents schematic and sequential outline of the experimental
methodology of the research. Firstly, a polyfluoroacrylate emulsion will be
synthesized containing various concentration of fluorine. The synthesized PFA
emulsion will be characterized and thermal property will be analysed. The reaction
mechanism of the synthesized polymer will be established along with the
confirmation of the structure of the polymer. The relative amount of elements

incorporated in the polymer structure from the monomers will also be evaluated.
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In the next step, the surface morphology of the substrate will be modified by
electrochemical, chemical etching and deposition processes. The surface
morphology will be analysed along with the surface roughness be measured. The

process parameters will also be tailored to obtain micro or nano surface roughness.

Combining the above two, the surface morphology will be modified followed by
deposition of the synthesized polymer on the modified surface by different coating
methods. The surface hydrophobicity and icephobicity will be evaluated followed

by the coating and ice adhesion strength on the substrate surface.

3.2 Raw materials, chemicals and substrates

There were different chemicals and substrates used for the experimental
processes. The main processes involved anodisation, chemical etching,

nanoparticle deposition and synthesis of polyfluoroacrylate emulsion.

3.2.1 Substrates

The main substrate used was aluminium AA1050 (RS components). Table 3-1
represents the chemical composition of the substrate material used for the
experiments. For aluminium AA1050 the main alloying elements are iron (Fe),
silicon (Si) and zinc (Zn) while manganese (Mn), copper (Cu), magnesium (Mg)

and titanium (Ti) are present in small amount.

Table 3-1. Chemical composition of aluminium alloy AA1050 (wt %).

Element Mn Fe Cu Mg Si Zn Ti Al
Composition 0.05 0.40 0.05 0.05 0.25 0.07 0.05 balanced
(wt%)
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3.2.2 Chemicals for the synthesis of PFA emulsion

Styrene (CgHs, sigma Aldrich), acrylic acid (C3H402, sigma Aldrich) and
Heptafluorobutyl acrylate (C7HsF702, fluorochem) was being used as the starting
monomers for the polymer synthesis. Potassium perdisulfate (K2S20s, fluorochem)
was used as the initiator for the reaction and sodium dodecylsulfate (NaCi2H25504,

sigma aldrich) was used as a surfactant and emulsifier.

3.2.3 Surface modification process

Mainly three processes were used for surface modification: anodising, chemical
etching and deposition of micro and nanoparticles. Mainly sulphuric acid (H2S04,
sigma aldrich) was used for anodisation process, other chemicals used were oxalic
acid [(COOH)z, Sigma Aldrich], chromic acid (H2CrO4, Sigma Aldrich), phosphoric
acid (HsPO4, Sigma Aldrich). For chemical etching hydrochloric acid (HCI, sigma
Aldrich) and hydrogen peroxide (H202, sigma aldrich ) was used. Copper
microparticles and nanoparticles (sigma aldrich) were being used to deposit on

substrate surface for surface modification.

3.3 Surface modification for aluminium substrates

3.3.1 Preparation of the substrates

Before any surface modification or surface treatment the aluminium substrates
were first cleaned thoroughly. The substrates were ultrasonically degreased with
acetone and ethanol respectively by immersing in for 10 mins each. Then the
samples were thoroughly cleaned with distilled water and finally dried at 60 °C.
Pre-treatment of the sample was absolutely necessary before surface modification
processes and for that eletcrolpolishing was mostly used. The pre-treatment of the
sample removes any manufacturing rolling lines on the aluminium substrate

surface. Electropolishing was done with 1:4 mixtures of perchloric acid (HCIO4) and
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ethanol (C2HsOH). The temperature of the system was kept 10 °C and the time of
treatment was 5 mins. The current density used was 0.5 A/dm? and graphite being

used as the counter electrode.

(a) (b)

Figure 3-2. Aluminium AA1050 plate samples (a) before electropolishing and (b)
after electropolishing.

Figure 3-2 (a) and (b) represents the sample before and after electropolishing. It
is clear that after electropolishing the surface of the substrate became shiny as it
removed the natural oxide layer on the surface and also removed any

manufacturing rolling lines.

3.3.2 Anodisation

Mainly an organic or inorganic acids can be used for the anodisation surface
treatment. The main acids used for these experiments were sulfuric acid (H2504),
oxalic acid [(COOH)z], chromic acid (H2CrO4) and phosphoric acid (H3PO4). For this
experiment mainly sulfuric acid was used. The setup of all the anodisation
processes included some common equipments like electrodes, connecting wires,
power supply, conducting salt etc. For the control of temperature, a polystat
temperature controller (Cole Parmer polystat R6LP) was used which can control
temperature upto -10 °C. The main important parameters for the anodisation
process were current density, voltage, time of treatment, concentration of

electrolyte and temperature.
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Figure 3-3. Schematic diagram of anodisation process and the equipments needed
for the process.

Figure 3-3 represents the schematic diagram of anodisation process and the
important parts for the assembly of the process. The counter electrode was
cathode and generally an inert metal was used as cathode like platinum (Pt),
graphite etc. The anode was aluminium. For constant stirring of the solution
magnetic stirrer was used. Cooling water was used to keep a controlled
temperature. The electrolyte solution in this case was sulphuric acid which

produces H* ions.

Sulfuric acid anodisation is also known as hard anodisation process. Different
concentration of sulfuric acid, current density, temperatures and treatment times
were used for the process. The controlling of temperature is very important for the

anodisation process.
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Figure 3-4. The temperature control instrument - Cole Parmer polystat R6LP for
sulfuric acid anodisation.

Figure 3-4 shows the temperature control instrument Cole Parmer polystat R6LP
which was necessary for sulfuric acid anodisation. This machine allowed decreasing
and maintaining the temperature to a much lower extent. The temperature used

for experiment was 10 °C.

Anodisation processes were carried out with different process parameters to obtain
the best set of conditions to obtain required surface roughness. Table 3-2 gives a
set of anodisation process parameters in which the concentration of sulfuric acid

was changed but all the other parameters were kept constant.
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Table 3-2. Anodising condition for aluminium AA1050 by varying concentration of

sulfuric acid and keeping the other parameters constant.

Sample Concentration Current Time of Temperature Voltage

name of sulfuric (A/cm?) treatment (°C) (V)
acid (wt%) (minutes)

SH1 16.56 9x104 45 31.4 4.0-5.8
SH 2 18.40 9x104 45 30.6 7.4-12.2
SH 3 20.24 9x104 45 31.4 9.5-13.1
SH 4 21.16 9x104 45 30.6 8.1-11.9
SH5 22.08 9x104 45 31.4 5.6-10.7

In the next set of experiments given in Table 3-3 the current density was varied

keeping the other parameters like concentration of sulfuric acid, time of treatment

and temperature constant. The current density was varied from 6x10% A/cm? to

18x10% A/cm2. The time of treatment was constant at 45 mins.

Table 3-3. Anodising condition for aluminium AA1050 by varying current density
and keeping the other parameters constant.

Sample Concentrati Current Time of Temperature Voltage
name on of (A/cm?) treatment (°C) v)
sulfuric (minutes)
acid (wt%)
SH 6 20.24 6x104 45 29.8 6.2-8.7
SH7 20.24 9x104 45 29.8 9.5-13.1
SH 8 20.24 12x104 45 30.1 10.3-12.6
SH9 20.24 15x10 45 30.1 11.8-13.5
SH 10 20.24 18x104 45 32.7 12.9-13.6

To observe the effect of time of treatment on the surface roughness the time of

treatment was varied from 30 mins to a maximum of 90 mins and given in Table
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3-4. The other parameters were kept constant to observe the sole effect of

treatment time.

Table 3-4. Anodising condition for aluminium AA1050 by varying time of treatment
and keeping the other parameters constant.

Sample Concentration Current Time of Temperature Voltage
name of sulfuric (A/cm?) treatment (°C) (V)
acid (wt%) (minutes)

SH 11 20.24 9x104 30 30.5 5.6-10.2
SH 12 20.24 9x104 45 29.8 9.5-13.1
SH 13 20.24 9x104 60 31.0 10.3-12.6
SH 14 20.24 9x104 75 31.0 11.8-13.5
SH 15 20.24 9x104 90 32.0 12.9-13.6

Finally the effect of temperature on the surface roughness was observed by

varying it from 10 °C to 50 °C as listed in Table 3-5.

Table 3-5. Anodising condition for aluminium AA1050 by varying temperature of
treatment and keeping the other parameters constant.

Sample Concentration Current Time of Temperature Voltage
name of sulfuric acid (A/cm?) treatment (°C) v)
(wt%) (minutes)
SH 16 20.24 9x104 45 10 3.1-3.5
SH 17 20.24 9x104 45 15 3.3-3.5
SH 18 20.24 9x104 45 35 5.6-8.0
SH 19 20.24 9x104 45 40 7.8-9.0
SH 20 20.24 9x104 45 45 8.0-10.0
SH 21 20.24 9x104 45 50 7.7-5.5

The surface roughness results and surface morphology obtained for the samples
as listed in Table 3-2 to Table 3-5 are combined and the parameters are optimised.
This is to obtain the best conditions for anodisation and the modified sulfuric acid

anodisation parameters are listed in Table 3-6.
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Table 3-6. Modified anodisation parameters for aluminium AA1050.

Sample Concentration Current Voltage Time of Temperature
name of H>SO,4 density v) treatment (°C)
(g/L) (A/cm?) (mins)

SH 22 300 15x10* 21.8-19.6 60 35~40
SH 23 175 15x10* 22.5-17.0 60 35~40
SH 24 131 15x10 22.2-19.0 60 35~40
SH 25 300 15x10* 21.8-19.6 40 10
SH 26 175 15x10* 22.5-17.0 40 10
SH 27 131 15x10* 22.2-19.0 40 10
SH 28 300 15x10* 21.8-19.6 60 10
SH 29 175 15x10* 22.5-17.0 60 10
SH 30 131 15x10* 22.2-19.0 60 10

3.3.3 Chemical etching process

For the chemical etching process a solution containing various concentration of HCI
and H202 was used. The temperature and treatment time was also varied to obtain
varied surface roughness. The substrates were cleaned and electropolished as
mentioned before. Then 20 ml of the prepared solution of HCI and H202 was taken
in a beaker with constant magnetic stirring connected with a heat plate to maintain

the temperature.

A beaker containing the etching solution and magnetic stirrer is set up on a hot
plate to control the experimental temperature. The substrates are fully immersed
in the etching solution and the volume of the etching solution was kept constant
to 20 ml in each case. The temperature was maintained constant throughout the
experiment. The magnetic stirrer was added for continuous homogenization of the
solution. Like the anodisation, samples were prepared by chemical etching at

different concentration of etching solution, treatment time and temperature.
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Table 3-7 shows the chemical etching conditions for aluminium substrates with an
etching solution containing various concentration of H202 and constant 1 M
concentration of HCI. The treatment time and temperature is also kept constant at
60 mins and 40 °C respectively. The concentration of H20:2 is varied from 0.1 M to
2M.

Table 3-7. Chemical etching conditions with varying concentration of H202 and
concentation of HCI constant at 1 M at 40 °C for 60 mins.

Sample Concentration Concentration Temperature Treatment
Name of H202 (M) of HCI (M) of treatment time (mins)
(°C)

Al 1 0.10 1 40 60

Al 2 0.25 1 40 60

Al 3 0.50 1 40 60

Al 4 1.00 1 40 60

Al 5 1.50 1 40 60

Al 6 2.00 1 40 60

The chemical etching parameters for aluminium substrates with an etching solution
containing constant concentration of H202 and varying concentration of HCl is given
in Table 3-8. The concentration of HCl is varied from 0.25 M to 2 M. The treatment
time and temperature is also kept constant at 60 mins and 40 °C respectively for
all the samples. The concentration of H202 kept constant at 0.5 M.

Table 3-8. Chemical etching conditions with varying concentration of HCI and
concentation of H202 constant at 0.5 M at 40 °C for 60 mins.

Sample Concentration Concentration Temperature Treatment
Name of H>0> (M) of HCI (M) of treatment time
(°C) (mins)

Al 7 0.5 0.25 40 60

Al 8 0.5 0.50 40 60

Al 9 0.5 1.00 40 60

Al 10 0.5 1.50 40 60

Al 11 0.5 2.00 40 60
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The treatment temperature was varied for the chemical etching process from 10
°C to 60 °C and aluminium substrates were etched with a solution containing 1 M
HCl and 0.5 M H20:2. The treatment time was kept constant at 60 mins. The details

of the samples prepared are given in Table 3-9.

Table 3-9. Chemical etching conditions with varying etching temperature and
constant concentration of HCl and H202 at 1 M and 0.5 M respectively for 60 mins.

Sample Name Concentration Concentration Temperature Treatment
of H,0> (M) of HCI (M) of treatment time
(°C) (mins)
Al 12 0.5 1.00 10 60
Al 13 0.5 1.00 20 60
Al 14 0.5 1.00 30 60
Al 15 0.5 1.00 40 60
Al 16 0.5 1.00 50 60
Al 17 0.5 1.00 60 60

3.3.4 Surface modification of the nanoparticles before deposition

Cu- nanoparticles were used to deposit on the substrate surface. Before deposition
the particles were modified by surface treatment. 1H,1H,2H,2H-
perfluorooctyltriethoxysilane (POTS) was used to make the surface of the particles
hydrophobic. 20 ml of ethanol was taken into a beaker and 0.3 ml of POTS was
added into it. The mixture was stirred with a magnetic stirrer for 30 mins to ensure
complete homogenization. 1 g of the Cu-nanoparticles when then added to the
mixture solution and the mixture was then ultra-sonicated for l1hr. Finally the
particles filtered and washed thoroughly with ethanol first and then with distilled
water to remove any excess ethanol and POTS. Finally the particles were dried in

a desiccator to remove the excess water.
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3.3.5 Deposition of Cu nanoparticles on aluminium substrate

The modified Cu-nanoparticles were mixed with the synthesized polyfluoroacrylate
(PFA) emulsion to prepare a composite mixture and then finally deposited on the
aluminium substrate surface. 0.4 g modified dried Cu-nanoparticles were weighed
and mixed with 20 ml of the PFA emulsion. The mixture is then stirred with a
magnetic stirrer for an hour to ensure complete mixing. The composite mixture
was spin coated on the substrate surface at a speed of 500 rpm, 1 ml of the mixture
was taken each time and continued for 30 s. The process was repeated for 3 times.

Finally the coating was dried at 80 °C for 2 hrs.

3.4 Synthesis and curing of Polyfluoroacrylate emulsion

3.4.1 Synthesis of polyfluoroacrylate emulsion

The preparation of polyfluoroacrylate (PFA) emulsion was a crucial step for the
further experiment as this will provide the required low surface energy on the
substrate. There was several preparation methods of polyfluoroacrylate emulsion
found in literature [149, 180-184]. Generally PFA is a mixture of more than one
monomer, one of which is an acrylate. It also contains a fluorinated monomer

which is responsible for the low surface energy.

A styrene based polyfluoroacrylate emulsion had been synthesized. The emulsion
polymerization was a one step process. It was a copolymer of styrene, acrylic acid
and heptafluoro butyl acrylate. Sodium dodecyl sulfate was used as a surfactant
and potassium persulfate was used as an emulsifier for the process. The detailed

experimental process is described below:

Styrene , acrylic acid and heptafluorobutyl acrylate were mixed together at 1:1:1
ratio with constant stirring using a magnetic stirrer. A sodium dodecyl sulfate

(SDS) solution was prepared by dissolving 0.31 g of SDS in 10 g distilled water.
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Similarly 0.21 g potassium persulfate (KPS) dissolved in 5 g water. The mixture
prepared by mixing styrene, acrylic acid and heptafluorobutyl acrylate was added
to the prepared SDS solution and the mixture was homogenized with high speed
magnetic stirring (around 1000 rpm) for 15 mins. Then in a round bottom flask 25
ml of water was taken and it was connected with a reflux condenser. Cold water
kept running through the reflux condenser at a constant speed. The round bottom
flask was placed in a water bath with magnetic stirring at 80 °C. The homogenized
mixture prepared with SDS and other monomers and prepared KPS solution was
added to the round bottom water flask dropwise slowly with constant magnetic
stirring. The whole mixture was refluxed for 2 hrs at 80 °C and then it was allowed

to cool completely and left overnight to complete polymerization.

The synthesised polyfluoroacrylate emulsions were classified according to the
molar ratio of styrene, acrylic acid and heptafluorobutyl acrylate used during the
synthesis process and listed in the Table 3-10 below.

Table 3-10. Synthesised polyfluoroacrylate emulsion with 1 :1 molar ratio of
styrene/acrylic acid and different molar ratios of heptafluorobutyl acrylate.

Name Molar ratio Molar ratio of Molar ratio of
of styrene acrylic acid Heptafluorobutyl
acrylate
PFA 0.1 1 1 0.1
PFA 0.25 1 1 0.25
PFA 0.75 1 1 0.75
PFA 10.1 1 1 1
PFA 10.2 1 1 2
PFA 10.3 1 1 3

3.4.2 Preparation of polyfluoroacrylate coatings

The synthesized polyfluoroacrylate emulsion was deposited on the substrate by

different coating methods as described below :
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3.4.2.1 Spray coating

In Spray coating an air spray gun Clarke air brush (Model: CAB3P) was used. The
PFA emulsion was sprayed on the aluminium substrates from a constant distance
of 10 cm. The time of spray was varied for the samples from 30 seconds to 120
seconds. Then the samples were heat treated at 80 °C for curing of the emulsion

and to obtain strong adhesion of the coating on the substrate.

3.4.2.2 Dip coating

The modified aluminium substrates were inserted inside a beaker containing 20 ml
of the synthesized PFA emulsion. The substrates were inserted at a constant speed,
kept inside the emulsion for a certain time and finally taken out of the beaker using
a dip coater. The process was repeated for 3 times. Then finally the samples were

heat treated at 80 °C to ensure full curing of the polymer and cross-linking.

3.4.2.3 Spin coating

For spin coating spin coater (Chemat technology spin coater KW-4A) is used. The
substrate surface was cleaned thoroughly to remove any residual chemical from
surface treatment or any other impurity. The substrates were attached to the spin
coater with the help of a both sided tape. Then 0.5 ml of the PFA emulsion was
deposited on the substrate and the spin coater was switched on. The process was
repeated 3-5 times. After each coating process substrate was heat treated for
strong adhesion of the coating on the substrate surface. The spin coater was
rotated at a speed of 500 rpm and process was continued for 30 seconds. After
each coating process the samples were heated in a vacuum oven at 80-150 °C to
ensure the complete curing of the polymer and finally cooled down to room

temperature.
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3.5 Thermogravimetric and Differential Scanning
Calorimetric analysis

For the characterization of thermal behaviour of the prepared PFA emulsion
differential scanning Calorimetry (DSC) and Thermo Gravimetric Analysis (TGA)
processes were used. In the DSC process generally the difference in heat flow is
measured. Heat was passed through both sample and reference and their
temperature is increased. During the whole reaction the temperature was
maintained same for both sample and reference. The change in heat flow was
measured as a function of temperature. In TGA analysis, the change in physical
and chemical properties were measured as a function of temperature. Both of this

gave the information about the thermal behaviour of the sample.

Screen to control the
detector movements

Detector with
sample and

reference Pan
Computer for

controlling the
parameters

Figure 3-5. SDT machine which simultaneously perform TGA and DSC analysis.

The machine used for TGA and DSC analysis was SDT Q600 as shown in Figure
3-5. The testing method used was Ramp and the temperature used for the testing
was from room temperature to 500 °C. The rate of heating was 20 °C/min. Air was

used as the gas environment and the flow rate of air was high.
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3.6 Microstructural characterization

3.6.1 Sample preparation for microstructural characterisation

The microstructural characterisation of the anodised sample was very important to
see the difference between the surfaces before and after anodisation. After
anodisation the surface of the aluminium did not remain anymore conductive due
to the formation of a protective oxide layer (Al203) on the aluminium surface. But
for microstructural analysis by the scanning electron microscope (SEM) the surface
of the sample essentially needed to be conductive. So the sample produced after
anodisation could not be directly used for SEM analysis. A conductive layer of Pt
was formed on the anodised aluminium surface by sputter coating process. To
deposit the platinum by sputter coating process of current was 15 mA and
potential difference was 2.2 kV. It was treated for 90-120 secs in an argon gas

atmosphere.

3.6.2 Measurement of surface roughness

The surface roughness measurement was conducted by 3D optical profilometer.
The profilometer consists of two parts : a detector and a sample stage. The
detector determines the point on the sample and the stage holds the sample. The
stage moves to allow for measurement. Optical profilometer uses light instead of

physical probe. The light is directed in a way that it can detect the surface in 3D.
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Figure 3-6. Schematic of an Interferometric profilometer.

Figure 3-6 shows schematic diagram of interferometric optical profilometer. It
consists of several part. It uses wave properties of light to compare the optical
path difference between a test surface and a reference surface. The light beam
coming from the source is split inside the profilometer and reflects half the beam
from the sample and another half is reflected from the reference mirror. When the
distance between the beam splitter to the reference mirror and beam splitter to
the sample is same, the split beams recombine to produce constructive and
destructive interference. This creates light and dark bands known as interference
fringes. This interference beam is focused into a digital camera. The light and dark

bands are recorded in the image and finally produces 3D image of the surface.

3.6.3 Imaging and analysis

The microstructures of the Pt- coated aluminium were analysed using two different

scanning electron microscope : environmental Scanning Electron Microscope
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(ESEM, Philips XL30) and field emission scanning electron microscopy (Zeiss Sigma
500 VP, FESEM). The ESEM was equipped with backscattered electron (BSE) and
secondary electron (SE) detector for imagining. It was also fitted with X-ray
detector for energy dispersive X-ray (EDX) analysis.The images were taken using
SE detector as it gave the surface morphology. Due to anodisation the surface of
aluminium was roughened. The main objective was to observe the different surface
roughness produced by difference in process parameters.The spot size 4 and
accelerating voltage of 20 KV were set during the imagining of the Pt-coated
samples. The substrate material used was aluminium AA1050. The difference of
surface roughness of these samples at different process parameters were
observed. Field emission scanning electron microscope (Zeiss Sigma 500 VP,
FESEM) was operated at 3 kV with the working distance of 10 mm and the

secondary electrons (SE) were used to form images.

3.6.4 NMR analysis

It gave the physical and chemical properties of atoms or molecules. This method
of spectroscopy uses the magnetic properties of certain atomic nuclei. It relies on
the phenomenon of nuclear magnetic resonance and it can provide detailed
information of the structure. Nuclear magnetic moments are sensitive to their
surroundings and interact very weakly with them. A magnetic nucleus placed in a
magnetic field has small number of quantized energy levels. They differ in the
orientation of the nuclear magnetic moment which can point in the same direction
of the magnetic field or in the opposite direction. This interaction splits the energy
levels within the nucleus. The value of AE depends on the extent of interaction
[185]. Depending on the different types of interaction in different environment the

signals change and we can identify the different groups present within the species.
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Figure 3-7. Spin quantization of the angular momentum of spin 1/2 nuclei [108].

Figure 3-7 depicts the example of a nuclei with overall spin ; After the interaction

with the magnetic field the spin level again got split into two energy levels with an
energy gap between them. This is also known as spin quantisation of angular

momentum.

Mainly three types of NMR processes were performed 'H, 13C and !°F NMR. They
were to analyse hydrogen, carbon and fluorine nuclei respectively. For analysation
of the sample Bruker Advance III spectrometer operating at a 19F Larmor
frequency of 564.7 MHz was used. The probe was a 1.3 mm double resonance

H(F)X probe spinning at 49.4 kHz.

3.6.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy is a quantitative surface spectroscopic technique
to measure the elemental composition. It can also measure the empirical formula,
chemical state and electronic state of the element that exist within the material.
XPS spectra are obtained by irradiating a material with X-rays beam while

simultaneously measuring the kinetic energy and number of electrons that escape
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from the top 0 to 10 nm of the material. XPS requires high vacuum (P ~

10~8millibar) or ultra-high vacuum (UHV; P < 10~° millibar) conditions.
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Figure 3-8. Schematic diagram of a X-ray photoelectron spectrometer [186].

Figure 3-8 shows schematic diagram of an X-ray photoelectron spectrometer. It
consists of mainly a X-ray source, X-ray monochromator, extracting lenses, energy
analyser and detector. The sample was irradiated with X-ray beam and kinetic
energy and number of electron that escape from the material surface was
measured simultaneously. The XPS also requires high vacuum (~ 10-® milibar) or
ultra high vacuum(< 10°° milibar) conditions.An X-ray photoelectron spectroscopy
(XPS, Kratos Axis Ultra DId, Kratos Analytical Limited) was used to conduct the
chemical analysis of the PFA films using Al Ka X-ray as the radiation source and

the data was processed using CasaXPS software.
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3.6.6 Fourier transform Infrared spectroscopy

This technique was used to obtain infrared spectrum of absorption or emission of
a solid, liquid or gas. The raw data was transformed into signal by Fourier
transformation. An attenuated total reflection FTIR machine operates by measuring
the changes that occur in a totally internally reflected infrared beam when the
beam comes in contact with the sample. An infrared beam was directed onto an
optically dense crystal and the internal reflectance creates an evanescent wave
that extends beyond the surface of the crystal into the sample held in contact with

the crystal.
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Figure 3-9. (a) FTIR instrument and (b) schematic diagram of mechanism of FTIR
machine on ATR mode [187].

Figure 3-9 (a) shows the FTIR instrument (Perkin Elmer, spectrum one) used for
the analysis of the PFA emulsion and Figure 3-9 (b) depicts the working

mechanism of the FTIR machine on attenuated total reflectance (ATR) mode.

3.6.7 X-ray Fluoroscence Spectrometer (XRF)

XRF spectrometer (Finder 100, Walopt) was used to measure the thickness of the
deposited Polyfluoroacrylate coating. It can measure the thickness of the coating
from 1 nm to 30 pym range. Accuracy of the instrument was ~ 3% with a
measurement time of 1 min. The atomic composition of the substrate matrix and
the measured layer must be known and it must have X-ray fluoroscenece

characteristics.
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Computer

Sample Spectrometer

Figure 3-10. Schematic diagram of mechanism of X-ray Fluoroscence Spectroscopy
[188].

Figure 3-10 shows the schematic diagram of mechanism of XRF spectrometer An
X-ray tube irradiates the sample and X-ray fluorescence occurs; a detector counts
the incoming X-ray photons and measures their energies. The x-ray fluorescence

spectrum is recoded and analysed.

3.7 Surface hydrophobicity measurement

3.7.1 Water contact angle and Contact angle hysteresis measurement

To test the hydrophobicity of the surface static water contact angle measurement
and contact angle hysteresis measurement (First Ten Angstroms, Model: FTA200
dynamic contact angle system) were used. The basic principal was that water was
ejected from a narrow tip so that only a single drop of water could form and it was
dropped on the sample surface. The whole system was monitored by a high-
resolution camera and with the image of the droplet on the surface and with the
aid of computer program the water contact angle can be measured. For each
contact angle measurement 5 times the experiment was repeated and their

average value was recorded.
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For water contact angle hysteresis (CAH) measurement advancing water contact
angle and receding angle was measured. It measured the adhesion strength of the
water droplet on the surface. A single water droplet was dropped on the substrate
surface. The narrow tip of the water source was inserted inside the droplet and the
water ran at a constant speed. With the increase in volume of water the droplet
size increased and water contact angle changes. This gives the value of advancing
water contact angle. Again the water is pumped in through the narrow tip and size
of the water droplet decreases gradually as the volume decreases which in turn
varies the water contact angle and that measures the receding water contact angle.
The difference between the advancing and receding water contact angle gives the

CAH value.

Tip from which wateris ejected
slowly as a single drop

High resolution camera

Sample is placed
here

(a) (b)

Figure 3-11. (a) Water contact angle measurement instrument unit and (b) some
important part of the instrument (ejecting tip, high resolution camera and sample
bed).

Figure 3-11 (a) shows water contact angle measurement instrument and Figure
3-11 (b) shows the tip from which water was ejected slowly; high resolution
camera was used to capture the image and the platform on which the sample was

kept.
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3.7.2 Surface energy measurement

Contact angle measurement technique is used to measure the surface energy and
tension. Contact angle describes the shape of a liquid droplet resting on a solid
surface. When drawing a tangent line from the droplet to the touch of the solid
surface, water contact angle is the angle between the tangent line and the solid
surface. If a liquid with well known properties is used, the resulting interfacial
tension can be used to identify the nature of the solid. Table 3-11 shows the liquids
used for the surface energy measurement and their corresponding surface tension
values.

Table 3-11. The liquids employed and their known surface tension values, where

y, is the liquid total surface tension, y{ is dispersion component of liquid surface
tension and y} is polar component of liquid surface tension.

Liquids y: (N/m) yi (N/m) ¥} (N/m)
Distilled water 72.8 21.8 51
Formamide 58 39 19
Methilene Iodide 50.8 50.8 0

The surface free energy was calculated according to Owens-Wendt (OW) method.
The principal assumption for the OW method is that the surface free energy is a
sum of the two components : dispersion and polar components. The Owens-Wendt

model is represented by the following mathematical formula [189] :

1 d..d 1 p,p e 3-1
> (1 +cos®)y, = vz + (s v, )2

Where:
© = contact angle between the liquid droplet and surface
y; = liquid total surface tension
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yf£ = dispersion component of liquid surface tension

y? = polar component of liquid surface tension

y& = dispersion component of solid surface free energy (unknown)
yP = polar component of solid surface free energy (unknown)

The value of total surface free energy of the solid is obtained by

vs=vd+v¢ 3-2

Dividing both sides of equation 3-1 by (ylp)é, it can be rewritten as :

% (1 + cosB)y; 3-3

W i 1
T = 72 )z+ (r5)2
)2 "
The left hand side of the equation 3-3 contains quatities that are measured

experimentally (6) and available from the literature. So the plot of left hand side

p
of equation 3-3 vs (%,)% gives a straight line with slope of (ysd)é and intercept (ysp)g.
l

3.8 Evaluation of material and coating performance

3.8.1 Water impinging tests

Water impinging test measures the erosion resistance of the coating. To evaluate
the durability, erosion tests under pressurized water impinging using an atomiser
with a gas pressure of 15psi, the velocity of 35-37m/s and liquid flow rate of
72 mL/min were performed. Pressurized water with the droplet size of 12.7 um
(Sauter Mean Diameter) was sprayed onto the coated samples using a
stainless nozzle (PNR UK Ltd) for the duration of 90 min. The distance between the

tip of the nozzle and the substrate surface was also kept constant to 3 cm. The

77


https://www.sciencedirect.com/topics/physics-and-astronomy/gas-pressure
https://www.sciencedirect.com/topics/physics-and-astronomy/droplet
https://www.sciencedirect.com/topics/materials-science/nozzle

substrate was weighed before and after the tests to measure any weight loss and

the change in water contact angle.

Nozzle tip <«

Substrate

Figure 3-12. Schematic diagram of water impinging test setup.

Figure 3-12 shows a schematic diagram of water impinging test setup. The nozzle
is connected to the water tank containing constant volume of water. Before the
test samples were weighed and water contact angle (WCA) was measured. The
water is ejected with high speed through the nozzle on the substrate surface. After
the test, the samples were dried to remove any excess water. Finally water contact

angle and weight were measured again to identify the changes.

3.8.2 Tensile test

The mechanical property of PFA polymer was determined by performing tensile
test. During the experiment, a dog-bone shaped specimen with 10 mm length and
0.5 mm thickness was gripped at its two ends and was pulled to elongate at a
determined rate of 0.1 mm/min to its breakpoint. A force of 20 N was applied by

the machine.
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For analytical purposes, a plot of stress (o) versus strain (€) was constructed during
a tensile test experiment, which was done automatically on the software provided
by the instrument manufacturer. Stress, in metric system, was measured in N/m?
or Pa, such that 1 N/m? = 1 Pa. From the experiment, the value of stress was
calculated by dividing the amount of force (F) applied by the machine in the axial
direction by its cross-sectional area (A), which is measured prior to running the
experiment. Mathematically, it was expressed in Equation 3-4. The strain values,
which have no units, was calculated using Equation 3-5. In the equation, L is the

instantaneous length of the specimen and Lo is the initial length.

3-4

L - LO 3-5

3.9 Ice adhesion tests

Ice adhesion tests measure the adhesion energy of the ice on the substrate
surface. The tests were performed by centrifuge adhesion test method. A rotor
holding the ice/substrate sample on one end and exact same weight on the other
end was rotated at an increasing rotation speed. When the centripetal acceleration
on the on the substrate induced by the rotation overcomes the ice adhesion
strength it detaches from the substrate surface. Thus, the adhesion strength of ice
to the substrate can be estimated as F = mrw? where m is the mass of ice, r is the
rotor length and w is the speed of rotation at detachment in rad/s. As a shear

stress, the adhesion stress is 7 = F/A, where A is the ice/substrate contact area.
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Figure 3-13. Schematic diagram of centrifuge ice adhesion test device with rotor
driven by a motor in a stainless steel casing. The ice/substrate sample on one end
and counterweight on the other end. The rotor was spun at increasing rate until
detachment of ice [190].

Figure 3-13 shows a schematic diagram of ice adhesion test setup. The length of
the rotor blade is 500 mm. The volume and shape of the ice was kept constant so
the area of contact between the ice and substrate was constant throughout. The

whole system was maintained at a temperature of -10 °C.

3.10 De-icing energy efficiency test

The de-icing tests are also important to measure the time required to remove the
ice attached on the substrate surface. The main concept is that electrical energy is

provided to the substrate which in turn converts into heat energy, it heats the
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substrate and the ice detaches from the substrate surface. The time of detachment
of the ice is noted and compared with uncoated substrate. Thus efficiency of the

coating is measured.

Electrical
Heating
Source

Heating plate

Substrate +————

Icecube

00 :00

Figure 3-14. Schematic diagram of de-icing test set-up.

For the de-icing tests the substrates were attached with the heating plate as shown
in Figure 3-14. The volume and shape of the ice cube was kept constant in each
case so the contact area remains same. The whole system was monitored with a
camera to record the detachment time. The electro-thermal heating tests were
performed using a home-made testing facility on a cold plate with a setting
temperature of —30°C. The distance between the sample and cold plate was
5.5cm. The ice blocks with the weight of 8 g were frozen on the samples. A heating
element driven by a power supply with a voltage of 15V and a current of 0.09 A
started to heat once the temperature reached —5°C. The ice blocks would drop

when the ice melted at the interface.

3.11 Statistical analysis

The experiments were repeated 10 times or more in each case. The experimental

conditions of each of these sets were kept constant including temperature,
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pressure, concentration and surrounding gas environment. Standard deviation
(SD) for each of these sets were calculated and added to the graphical reprentation

where appropriate.
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4 Synthesis, mechanism of polymerization and
characterization of polymer properties of PFA
emulsion

4.1 Introduction

Polymers are widely used for coating purposes as the property of the polymers can
easily be altered and it is a cost effective solution. In addition polymer coatings
have several other advantages as compared to metal coatings. Polymers are more
resistant to chemicals than their metal counterparts, as metal coatings also require
post-treatment finishing unlike polymers. It is lightweight than metal and hence
can be used for lightweight applications. One of the main applications of polymeric
coating is for superhydrophobic and icephobic applications including corrosion
protection, anti-biofouling, transparent coatings etc. Nanocomposite coating of
acrylic polymer resin and organosilane modified silica can produce effective
superhydrophobic property [25]. Another commercially used polymer coating for
superhydrophobic applications is polytetrafluoro ethylene (PTFE) [191]. The
present coating systems are not cost-effective and curing temperature of the
coatings are usually very high. In this work polyfluoroacrylate emulsion was
synthesized which has substantially low curing temperature and can easily be
synthesized with a low-temperature polymerization process. The polymer has

hydrophobic properties and also can be used for anti-icing applications.

In this chapter synthesis process of polyfluoroacrylate emulsion will be discussed
followed by a possible reaction mechanism for the process. The possible structures
of the synthesized polymer will also be predicted. Thermal stability of the polymer
will be established along with the curing temperature. Later in this chapter the

polymer will be analysed and different elements present in the polymer will be
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determined and their relative amount will also be investigated. The mechanical
property of the polymer will also be evaluated. Finally, the effect of different
process parameters for the synthesis of the polymer will be discussed along with
the reaction mechanism. The polymer will be characterized and effect of
concentration of the reactant will also be discussed leading to the determination of

the structure of the polymer.

4.2 Design of the polymer structure

Polyfluoracrylates have ultralow surface tension and related hydrophobicity, it has
very good antichemical property and thermostability as well as excellent
mechanical behaviour [173, 181, 192, 193]. For the synthesis of polyfluoroacrylate
emulsion, several approaches can be taken. Mainly the synthesis of polymers can
be classified in many categories like step-growth polymerization, condensation
polymerization and chain-growth polymerization [194]. Hexamethylene
diisocyanate functional groups of polyfluoropolyether (PFPE) monofunctional
macromonomers have been grafted on a poly(butyl methacrylate-co-hydroxyethyl
acrylate-co-ethyl acrylate) random terpolymer. The synthesis process is a radical
solution polymerization in tetrahydrofuran (THF) using an initiator [181]. Again
paraxylene bisdialkyl suldonium salts can be polymerized via condensation as well
as additional polymerization methods leading to various polymers including poly(p-
xylylene), poly(p-xylylidine), poly(xylylene sulphide)s, poly(xylylene oxide)s etc
[195]. Also depending on the degree of crosslinking and polymerization mechanism
the polymer can be thermoplastic or thermoset and hence a wide variety of

properties.

Synthesis processes of the polymer are highly dependent on temperature, the
initial concentration of the reactants, initiator concentration, pressure and other

surrounding conditions. This will be discussed later in this chapter. Depending on
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the conditions different polymers and oligomers can be formed. The size of the
molecular chain also depends on the polymerization synthesis method. For the
synthesis of styrene-based polyfluroacrylate emulsion, the detailed process is
discussed in the previous methodology section. It is a co-polymer and formed via

theradical co-polymerization method.

4.3 Possible Structure and Reaction Mechanism of
Polyfluoroacrylate Polymers

4.3.1 Possible structures of the polymers

Styrene, acrylic acid and heptafluorobutyl acrylate are being used as starting
material. With different reaction mechanism and respect to the different starting
materials, a range of different products can be formed. In reality for any
polymerization process always more than one product is formed but the relative
amount of the products dictates the main product and the by-products. The
following co-polymers can be formed apart from the homopolymers of styrene,

acrylic acid and heptafluorobutyl acrylate:
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(c) (d)

Figure 4-1. Possible polymer structures combining styrene, acrylic acid and
heptafluorobutyl acrylate (a) co-polymer of Styrene and heptafluoro butyl acrylate,
(b) co-polymer of styrene and acrylic acid, (c) co-polymer of styrene acrylic acid
and heptafluorobutyl acrylate and (d) co-polymer of acrylic acid and
heptafluorobutyl acrylate. The red atoms are oxygen atoms, the yellow is fluorine,
the white atom corresponds to the hydrogen atoms while the grey atoms are
carbon.

Figure 4-1 (a-d) shows the possible co-polymer structures that can be formed by
a combination of styrene, acrylic acid and heptafluorobutyl acrylate as monomer.
The actual structure of the polymer can be concluded only after the compositional
analysis of the emulsion. These are the co-polymers of styrene and heptafluoro
butyl acrylate, co-polymer of styrene and acrylic acid, co-polymer of styrene acrylic
acid and heptafluorobutyl acrylate and co-polymer of acrylic acid and
heptafluorobutyl acrylate respectively. In addition to the above co-polymers there
is also probability of formation of homopolymers of styrene, acrylic acid and

heptafluorobutyl acrylate. For any polymerization reaction it is very likely to form
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more than one product. Always several polymers with a range of molecular weight

are formed [196].

4.4 Characterization of the polymers

4.4.1 Thermal Analysis
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Figure 4-2 Variation of mass change (wt%) and heat flow of PFA emulsion (PFA
10.1) with increasing temperature.

Figure 4-2 shows the variation of Mass % and Heat flow% through PFA 10.1 sample
when the temperature was increased at a rate of 2 °C/ min. The temperature was
varied from room temperature till 200 °C. Initially, both the heat flow and the mass
decrease rapidly as the temperature increases to 73 °C, attributing to the
evaporation of the solvent (e.g. water). After 73 °C, the heat flow of the sample
gradually increases, indicating the start of curing of the sample, while the mass
continues to decrease and becomes stable after 100 °C. The heat flow of the
sample increases until 120 °C and then keeps at 0, indicating that no more reaction

occurs after 120 °C. It is suggested that the curing temperature of the polymer
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ranges from 73 to 120 °C. The tested polymer cannot be re-melted and maintains

a stable state at a high temperature, reflecting a thermosetting nature.

The thermal stability analysis of the polymer and the curing temperature
determination was done by thermogravimetric (TGA) and differential scanning

calorimetric (DSC) method.

The thermal stability of the polymer is determined by TGA and DSC analysis. Figure
4-3 (@) represents the change in mass% and heat flow with temperature. With
increasing temperature initially there is little or no loss in weight percentage as
indicated by the blue line, meaning there is no major change in the PFA emulsion
at that temperature range. With the higher temperature around 300 °C there is a
gradual start of decrease in mass percentage followed by drastically drop in mass
percentage at around 317 °C indicating a major change in the polymer
composition. The initial small decrease in mass may be attributed to the
evaporation of some left water. Again the red line represents the variation of heat
flow of the sample with temperature and time. Up to 300 °C there is no significant
difference in heat flow between the reference and the sample but after that the
heat flow through the sample gradually increased indicating that heat is consumed
by the sample and hence may be some bond breaking or bond making is taking
place and finally leading to dissociation. For polytetrafluoroethylene (PTFE) the
physical transformation starts at 327 °C, but does not undergo rapid thermal
decomposition below 450 °C [197]. So for high-temperature application PTFE is a
more desirable choice and hence used for non-stick coatings for pans and cook

wares [198].
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Figure 4-3.TGA and DSC analysis data for PFA emulsion containing styrene, acrylic
acid and heptafluorobutyl acrylate in the molar ratio of (a) 1:1:1 and (b) 1:1:2
respectively.

In Figure 4-3 (b) the green curve depicts the change in mass percentage with the
reaction temperature. Like Figure 4-3 (a) here also the curve initially shows a little
or no loss until temperature 300 °C. After 300 °C there is a gradual decrease in

mass % indicating a change in the compound and hence the compound is thermally
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stable till 300 °C. Beyond 310 °C there is a sudden drop indicating a decomposition

of the compound and hence the polymer composition.

In both the cases the polymer is stable up to temperature of 300 °C as evident by
the change in weight percentage and heat flow. Hence it can be used for
moderately high- temperature operations. The decrease in weight percentage may
be contributed to the decomposition of the polymer into smaller fragment and it is
also supported by the decrease in heat flow data. As with the decrease in fragment

size the heat flow value decreases as well.

Several other samples with different fluorine content were also analysed by TGA
and DSC analysis. But in all the cases no substantial difference in temperature is
being observed indicating that the thermal behaviour of the polymer is independent

of the fluorine content of the polymer.
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4.4.2 Characterization of different bonds

The different bonds in the polymer sample and the raw materials are characterized

by FTIR analysis technique.
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Figure 4-4. FTIR spectrum of heptafluorobutyl acrylate used as one of the raw
materials for the synthesis of PFA emulsion.
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Figure 4-5. Chemical Structure of 1H,1H- Heptafluorobutyl acrylic acid with all
different bonds.
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Figure 4-4 represents the absorbance spectrum for pure heptafluorobutyl acrylate
and Figure 4-5 shows the chemical structure of heptafluorobutyl acrylate with all
different bonds present in it. The aliphatic C=C bond frequency is observed around
1625 cm™ as a sharp peak. At around 1420 cm™ the methylene C-H frequency is
also observed. The peak around 1750 cm™! with a shoulder is associated with the
carbonyl C=0 bonds followed by C-O of the ester group. The absorbence peaks of

-CF3 and -CF2 groups are observed between 1300-700 cm range [199].
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Figure 4-6. FTIR spectrum of styrene used as one of the raw materials for the
synthesis of PFA emulsion.
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Figure 4-7. Chemical structure of styrene with all different bonds.

Figure 4-7 shows the chemical structure of styrene with all different bonds present
in the structure. The spectrum in Figure 4-6 represents the absorbance peaks for
pure styrene. The peak around 1460 cm corresponds to the methylene group of
styrene. The range of absorptions between 1900-1600 cm™ is associated with the
C-C double bond of the aromatic ring. The small peaks beyond 3000 cm™! are due
to the benzylic C-H bond frequency. The peaks on or below 1000 cm™ correspond

to the aromatic C-H bond frequencies of ortho meta and para positions [200].
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Figure 4-8. FTIR spectrum of acrylic acid used as one of the raw materials for the
synthesis of PFA emulsion.
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Figure 4-9. Chemical Structure of acrylic acid with all the different bonds present.

Figure 4-8 shows the FTIR spectrum for Acrylic acid. The chemical structure of
acrylic is acid is relatively simple with all the bonds is shown Figure 4-9. Again a
peak observed around 1620 cm™* indicating the presence of methylene C-H group.
For the carbonyl C=0, a sharp peak is observed at 1750 cm™. The stretching
frequencies around 950 cm are associated with the non-planar —OH stretching

frequencies [201].
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Figure 4-10.FTIR spectra of PFA emulsion synthesized from 1:1:1 and 1:1:2 molar
ratio of styrene, acrylic acid, and heptafluorobutyl acrylate PFA10.1 and PFA 10.2
respectively.

Figure 4-10 shows the FTIR analysis of a PFA emulsion containing molar ratio of
styrene, acrylic acid and heptafluorobutylacrylate as 1:1:1 and 1:1:2 respectively.
As compared to PFA 10.1 the amount of fluorine is doubled in PFA 10.2. The spectra
are similar in the appearance of the peaks for these two PFAs, as are their

structures. But the spectra are different in the variability in the intensity of the

peaks for these two PFA emulsions.

It can be seen from Figure 4-10 that no C=C characteristic peak is observed
between 1660-1630 cm™ [202], indicating that polymerization of the monomer
occurred. The small peaks obtained at 2852 cm™, 2920 cm™ and 3030 cm™
frequency correspond to aliphatic C-H stretching bonds [203]. Several peaks
(1604cmt, 1496cm™ and 1456cm™!) are obtained between 1450-1610 cm™ and
that matches with the benzene ring C=C-C stretches confirming there is a benzene
ring present in the result PFA products. The two strong peaks at 700 and 758 cm-
! relate to the monosubstituted benzene ring and hence presence of styrene units

in the result products [204]. The absorption at 2852 and 2920 cm! shows aliphatic
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(saturated) C-H groups. A sharp peak is obtained at 1750 cm™! which corresponds
to the presence of carbonyl, C=0, in ester group and the shoulder at 1716 cm
corresponds to the presence of carbonyl in carboxylic acid group. A wide peak
around 3400-3500 cm™! relates to the O-H stretching vibration and the other peak
at 909 cm™ corresponds to the non-planar angular vibration of O-H group in
carboxylic acids [202]. The FTIR indicates the presence of acrylic acid structural
unit acid in the result products. The -CF3 group absorbs at 1350 cm™. Several
complex absorption peaks between 1280-1120 cm™ are attributed to the -CF2
group. CF-CF3 group absorbs strongly at 735 cm™. Since the intense carbonyl peak
at 1750 cm™ belongs to the ester group, there is heptafluorobutylactrylate

structural unit in the result products [205].

The amount of monomer units in the PFA emulsion is determined by calculating
the relative absorbance of absorption bands as A/Ao using the baseline method,
where Ao is the internal standard. In this study, the benzene ring C=C-C stretching
vibration peak of styrene unit at 1604 cm™! is taken as the internal standard [202].
The calculation results show that the amount of acrylic acid unit in the PFA10.2 is
slightly more than that in the PFA10.1 and the amount of the
heptafluorobutylactrylate unit in the PFA10.2 is significantly more than that in the

PFA10.1.

By comparing the above the FTIR data it is observed that irrespective of the
fluorine content each time the same type of peaks are obtained with indicating that
each time same type of compound is being formed with no additional different
types of bond. So reaction mechanism and products remain unaltered. So amount

of heptafluorobutylactrylate doesn't affect the mechanism of the reaction.
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4.4.3 Detection of elements in Polyfluoroacrylate emulsion
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Figure 4-11. 1H NMR analysis data for PFA emulsion containing 16.6 wt% of
fluorine.

Three types of NMR analysis are done 'H, 13C and °F NMR to determine the groups
that are present in the synthesized PFA emulsion. Figure 4-11 'H spectrum shows
two peaks which means that in the compound there are two types of hydrogens
present and both of them are in totally different environment. Both of the signals
are sharp and intensity is high indicating they are quite different from each other.
Two peaks are obtained at 2 ppm and 10 ppm respectively. The starting materials
were styrene, acrylic acid and heptafluorobutyl acrylate and hence two types of
hydrogen present: aromatic hydrogen of the benzene ring and aliphatic hydrogen
atom from the other two monomers. The existence of two peaks in the final product
indicates that the aromatic ring of styrene remains in the final product and no ring
opening reaction has taken place. The peak with high chemical shift from zero
(10ppm) is for the aromatic hydrogen coming from the styrene. The chemical shift

for aromatic hydrogens is usually in the range of 5-7 ppm [206] but here the
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chemical shift is higher as the aromatic ring is substituted by a large aliphatic
chain. Other peak with relatively lower chemical shift value (2 ppm) is for the

aliphatic hydrogens.
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Figure 4-12. 13C NMR analysis data for PFA emulsion containing 16.6 wt% of
fluorine.

To support the result obtained from 'H NMR analysis further 13C NMR is being done.
Figure 4-12 depicts the 3C NMR peaks for the same PFA emulsion. It also shows
two peaks supporting the result obtained by the *H NMR and concluding that there
are two different types of C atoms in the compound. Similarly, the peak with high
chemical shift in the region of 120-140 ppm [207] corresponds to the carbon atom
in an aromatic ring coming from styrene. The greater chemical shift for aromatic
carbon atom is due to the high electron density on the aromatic ring. The chemical
shift region of 20-40 ppm corresponds to aliphatic carbon atom. The 3C NMR also

supports the result obtained for 'H NMR in Figure 4-11.
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Figure 4-13. °F NMR analysis data for PFA emulsion containing 16.6 Wt% of
fluorine.

Finally, *°F NMR in Figure 4-13 shows three peaks at 82 ppm, 122 ppm and 128
ppm. This peaks corresponds to -CFs, -CF2 and -CF:2 respectively of
heptafluorobutylacrylate. So the group present is CF3-CF2-CF2- [208]. The two -
CF2 group will give different peaks as their surroundings are different. The peak at
128 ppm corresponds to the —CF2 group that is directly attached to the CF3 group
as it is expected due to the higher interaction with greater number of fluorine
atoms. The peak at 122 ppm corresponds to the other —CF2 group and ultimately
the peak at 82 ppm corresponds to the —CFs group fluorine atoms. These peaks
also integrate to 3:2:2 respectively for CF3:CF2:CF2 indicating that no other fluorine

groups are present.
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4.4.4 Comparison of fluorine content in the polyfluoroacrylate emulsion

100 50 0 -50 -100 -130 -200 -250 -300

100 50 0 -50 -100 -150 -200 -250 -300
§/ppm

(b)

Figure 4-14. °F NMR analysis of (a) PFA10.1 and (b) PFA 10.2.

Figure 4-14 (a) and (b) shows 19 F NMR peaks of PFA 10.1 and PFA 10.2
respectively. In both cases, peaks are obtained at 83 ppm, 122 ppm and 129 ppm.
It indicates in both cases the —CF2-CF2-CF3 group got incorporated in the polymer

structure.
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Figure 4-15. (a) '° F NMR analysis of reference polytetrafluoroethylene (PTFE) and
chemical structure of tertrafluoroethylene.

When the 19 F NMR of reference PTFE is done a single peak is obtained -123 ppm

chemical shift as shown in Figure 4-15 (a). This result supports the chemical

structure of PTFE depicted in Figure 4-15 (b). Though there are four fluorine atoms

in the structure, all the fluorine atoms are in exact same chemical environment.

So chemical shift values for all the fluorine should be same and hence only single

high-intensity peak is obtained.
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4.4.5 Elemental Analysis of the synthesised PFA emulsion
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Figure 4-16. XPS spectra from one area on each sample, showing that all samples
are similarly dominated by fluorine (F), oxygen (O), carbon (C) and sulphur (S)
peaks.

Figure 4-16 shows XPS spectra of PFA samples containing a constant amount of
styrene and acrylic acid and various amount of heptafluorobutylacrylate. The molar
ratio of styrene and acrylic acid was kept constant at 1:1. The molar ratio of

heptafluorobutylacrylate was varied from 0.1 to 3.
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Figure 4-17. High-resolution spectra for all PFA samples, key as wide scan in
Figure 4-16.

The wide scan of PFA sample spectra shown in Figure 4-16 is given in Figure
4-17(a-d). The dominant fluorine (F), carbon (C) and oxygen (O) signals are
attributed to the monomers styrene, acrylic acid and heptafluorobutyl acrylate.
The sulphur (S) signal is from the initiator potassium perdisulfate. The binding
energy of organic fluorine F1s ranges between 688-689 eV which matches with the
experimental data. This fluorine solely comes from heptafluorobutyl acrylate (HBA)
monomer. Again the binding energy for oxygen comes at 533 eV characteristic for
carbonyl C=0 oxygen coming from acrylic acid. The binding energy for carbon Cl1s
ranges from 286-296 eV. The sharp peak at 286 eV is for the C-C, again the peak

near 290 eV is standard for O-C=0.
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4.5 Mechanical testing for the polymer
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Figure 4-18.(a) stress vs strain graph for PFA 10.1 and PFA 10.2 and
(b)comparison of average ultimate tensile strength of PFA 10.1, PFA10.2 and PTFE.

Figure 4-18 (a) shows the stress strain curve for the polyfluoroacrylate emulsion
PFA10.1 and PFA10.2. The ultimate tensile stress (UTS) of PFA10.2 is slightly
lower than that of PFA10.1 Tensile strength of the polyfluoroacrylate polymer was

measured and compared with that of poly tetrafluoroethyle (PTFE). Figure 4-18
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(b) shows the average ultimate tensile strength values for PFA 10.1, PFA 10.2 and
PTFE respectively. The tensile strength of PFA is comparable to that of standard
PTFE which is above 35 MPa. The value is also comparable to that of mostly used
polymeric material like polystyrene, polypropylene etc [209]. When moved from
PFA 10.1 to PFA 10.2 the fluorine content doubles as mentioned before but there
is also a slight decrease in tensile strength as evident from the graph. With the
increase in fluorine content the polymer structure changes and more
heptafluorobutylacrylate group gets incorporated in the main polymer chain

framework.

4.6 Surface energy

Table 4-1 shows the comparison of surface energy of synthesized PFA emulsions
with respect to polytetrafluoroethylene (PTFE). The surface energy is calculated
using Owens-wendt model, water , methyl iodide and formamide was used as
testing liquid. All the tests were performed at room temperature. The total surface
free energy is measured as a sum of dispersion component of surface free energy
(y&*P) and polar component of solid surface free energy (y*°") . It is observed that
the surface free energy of synthesized PFA emulsions are slightly lower than the
PTFE film. Thus making it desirable for low surface enrgy applications. When the
concentration of fluorine doubled in the PFA emulsion the surface energy reduced
from 19.66 to 19.15 (N/m), with further increase in fluorine content in the PFA

emulsion, the surface free energy further changes to 19.17 (N/m).
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Table 4-1. Comparison of surface free energy of synthesized polyfluoroacrylate
emulsions with standard poly tetrafluoro ethylene.

Sample Total Surface Dispersion component Polar component of
Name Free Energy of solid surface free solid surface free
(v°")(N/m) energy (y**?) (N/m) energy (¥*°') (N/m)
PTFE 21.35 20.31 1.04
PFA 10.1 19.66 19.58 0.08
PFA 10.2 19.15 18.97 0.18
PFA 10.3 19.17 19.04 0.13

4.7 Discussion

4.7.1 Effect of different fluorine content on the polymer composition

From the reaction kinetics the reaction is a co-polymerization of styrene, acrylic
acid and heptafluorobutyl acrylic acid. Now for a A-B-C type of polymerization the
molar concentration of the monomers should ideally be 1:1:1. But concentration
of heptafluorobutyl acrylate is varied to get different polymer as mentioned in the
earlier chapter. The molar ratio of heptafluorobutyl acrylate is varied from 1 to 2
and the corresponding 19F NMR data shown in Figure 4-14. It shows that the CF2-
CF2-CFs3 groups are in same chemical environment otherwise some change for
chemical shift in the position is expected. So irrespective of the fluorine content

the reaction product remains same.

Comparing the '°F NMR results of PFA 10.1 and 10.2 with that of PTFE as shown
in Figure 4-14 and Figure 4-15 it can be concluded that there are three different
environment fluorine atoms present in the synthesized PFA emulsion and hence

three distinguished peaks with substantial chemical shift difference are obtained.
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4.7.2 Reaction mechanism of the polymer

The reaction goes via radical random polymerization reaction. Potassium
perdisulfate dissociates and acts as an initiator for the polymerization reaction. The
reaction occurs at 80 °C in a reflux condenser and the final crosslinking occurs at
80 °C for 2hrs. For simplification only one unit of each monomer is used to show
the polymerization reaction. In reality for a random co-polymerization reaction the
number of units of monomer cannot be controlled. Stepwise reaction mechanism
for the synthesis of PFA emulsion is given below.
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p
COOH COOCH,CF,CF,CF,4

Reaction 4-1 and Reaction 4-2 can be combined and written as follows

o
h I \)OI\
R + + N L .
©/\ \)]\OH O%F A Reaction 4-4

COOH COOCH,CF,CF,CF;

The above reaction mechanism shows radical polymerization reaction of styrene,
acrylic acid and heptafluorobutyl acrylate. Potassium persulfate (KPS) in this
reaction acts as an initiator. It dissociates along the -O-O- bond and forms the
initiator as shown in Reaction 4-1. The initiator concentration is important as the
rate of the reaction for radical initiated polymerization reactions are directly
dependent on it [210]. The rate of decomposition of KPS also follows the first-order
reaction kinetics and the rate of reaction increases at elevated temperature [211].
Also the presence of free monomolecular dispersed sodium dodecylsulfate (SDS)
promotes the decomposition of KPS whereas some SDS molecules form micelle
and get adsorbed on the polystyrene particles and hence do not contribute to the
decomposition of KPS [212]. The free radical formed by the decomposition of KPS
attacks the —CzHs group of styrene and forms another radical as shown in Reaction

4-2. It attacks the outer carbon atom of —C2H3 group due to less steric hindrance.

108



The activated styrene then reacts with the outer carbon atom of C=C of acrylic
acid and forms an oligomer of radical of styrene and acrylic acid depicted in
Reaction 4-3. The reaction further continues as the radical produced in Reaction
4-3 reacts with the C=C of heptafluorobutyl acrylate and forms an A-B-C type of
building block of the polymer. The reaction further continues unless all the
monomers are completely converted into polymers. The monomers are mixed in
1:1:1 molar ratio and stirred vigorously before the start of the polymerization
process to ensure all the monomers are mixed uniformly and the reaction occurs
uniformly as well. The reaction continues at elevated temperature and when it is

cooled the initiator again recombines and the final polymer is formed.

4.7.3 Role of concentration of fluorine in the polymerization process

Several PFA polymers were prepared with different fluorine content and keeping
all the other process parameters the same as mentioned in the previous chapter.
Now the concentration of fluorine is most important as it directly influences the

hydrophobic property of the polymer.

As evident from the FTIR spectra, there is no difference in spectral data and relative
amount of fluorine also cannot be predicted from the FTIR spectrum data. So to
determine relative amount of fluorine X-ray photoelectron spectroscopy technique

is used shown in Figure 4-16 and Figure 4-17.
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The atomic percentage of carbon (C), oxygen (O) and fluorine (F) of key samples
containing a various concentration of heptafluorobutyl acrylate (HBA) is given in
Table 4-2. It is observed that with the increase in molar ratio of HBA the atomic
percentage of fluorine increases in the sample and a maximum of 34 atomic % of
fluorine reached when the molar ratio of heptafluorobutyl acrylate and with further
increase in concentration of heptafluorobutyl acrylate the atomic % of fluorine does
not increase by any significant amount .

Table 4-2. Atomic contents of major elements of PFA films produced from
different HBA/styrene molar ratios.

HBA/styrene C1s % F 1s % O 1s %
ratio
0.75 54.4 26.0 19.5
1.00 54.0 28.9 17.0
2.00 48.5 34.0 18.6
3.00 47.8 34.2 18.0
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4.7.4 Structure of the PFA polymer

CO,CH,CF,CF,CF4

COOH

(@)

(b)

Figure 4-19.(a) 2D and (b) 3D structures of probable co-polymer of styrene acrylic
acid and heptafluorobutyl acrylate containing 1 unit of each. The red atoms are
oxygen atoms, the yellow are fluorine, the white atom corresponds to the hydrogen
atoms while the grey atoms are carbon.

After the FTIR and NMR analysis results the most convincing structure is co-
polymer structure containing styrene, acrylic acid and heptafluorobutylacrylate. So

the most probable structure of the polymer is proposed in Figure 4-19 consisting
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of each monomer unit. The number of monomers in each unit is not fixed as
expected from a random co-polymerization reaction. The fluorine groups are
towards the surface and can provide good hydrophobicity when deposited on
substrate surface. The presence of all the groups and bonds are confirmed from
the FTIR and NMR analysis data as shown in previous sections. This is the most
probable structure of the polymer formed before crosslinking. The other products
as discussed in section 4.3.1 may also be formed in small amounts as the reaction
is not very selective but the amount of other product is very small as compared to

the main product.

4.8 Summary

Polyfluoroacrylate emulsion was synthesized via random radical co-polymerization
reaction of styrene, acrylic acid and heptafluorobutyl acrylate. The polymer will be
used as a coating on aluminium substrates for low surface energy applications. The
polymer was synthesized and cured at a low temperature of 80 °C. The polymer
was characterized by FTIR, NMR and XPS analysis. Thermal properties of the
polymer were evaluated with TGA and DSC analysis. The yield tensile strength of
the polymer was also determined and compared to that of commercially available

PTFE as a reference. The key findings of the chapter were summarised as follows

The curing temperature of the PFA was 80 °C which is relatively low and the
polymer is thermally stable till 300 °C as indicated from the TGA and DSC analysis.
The surface energy calculation shows that for polyfluoroacrylate emulsion the
average surface energy is 19 N/m which is comparable to that of commercially
available PTFE (21 N/m). It is due to the incorporation of the fluorine group in the
branched polymer chain.

FTIR and NMR analysis proves the incorporation of all the monomers (styrene,

acrylic acid and heptafluorobutyl acrylate) in the PFA unit. The specific number of
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monomer units in the polymer cannot be predicted as it was a random
polymerization. The schematic atomic structure of the polymer has been predicted.
XPS analysis reveals atomic percentage of fluorine in the PFA. It was observed that
with the increase in molar concentration of heptafluorobutyl acrylate, the fluorine
content increases in the final PFA. When the molar ratio of styrene, acrylic acid
and heptafluorobutyl acrylic acid was 1:1:2, the concentration of fluorine went
upto 34 % in the polymer.

The ultimate tensile strength of the synthesized polymer PFA 10.1 and PFA 10.2
were 37 MPa and 35.5 MPa which are comparable to that of PTFE 36.7 MPa which
is widely used for commercial purposes. The polymer is also found to be thermoset

in nature and hence cannot be melted once cured.
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5 Surface treatment of aluminium substrate and the
deposition of polymer coating on the treated
substrate

5.1 Introduction

As mentioned earlier, one of the main requirement for a super hydrophobic surface
is the surface morphology. The synthesized polymer is deposited on the modified
aluminium substrate surface. Mainly three processes are used for this purpose:
anodisation, chemical etching and deposition of nano and micro particles. The
detailed experimental process is described in section 3.3. Two different techniques:
Spin coating and spray coating are also used to deposit the synthesized
polyfluoroacrylate emulsion on aluminium substrate surface. Spin coating is a
relatively easy process and the uniformity of the coating depends on the
competition between centrifugally driven drainage of the liquid film and
concentration-based evaporation of the solvents. The coating process is more
suitable for volatile solvent [213]. Thin film transistor of high molecular weight
poly(3-hexylthiophene) has been fabricated by depositing by spin coating process
[214]. On the other hand the spray coatings can be uniformly applied for a range

of coating materials.

In this chapter the surface morphology of the aluminium substrate surface will be
modified and characterized after different surface modification process. The
surface roughness will also be characterized. The PFA polymer will be deposited on
the modified surface and change in surface roughness will be studied. The erosion
resistance properties of the coating is also measured with water impinging test.
Finally the surface morphology of the coating substrates will be compared by
different surface treatment process along with surface roughness variation. The
role of concentration of etching agent, treatment time and treatment temperature

will be discussed for chemical etching process, and the effects of concentration of
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anodising agent and nanoparticles for surface modification will also be studied.

Finally the erosion resistance will be compared on the substrate surface.

5.2 Surface modification of aluminium substrate

Mainly three approaches were used for surface modification: anodisation, chemical
etching and nanoparticle deposition. All the process parameters were altered to

achieve micro/nanoscale surface roughness and morphology.

5.2.1 Anodisation

Alminium substrates were cleaned, dried and electropolished before anodisation
process. The detailed menthod of anodisation is given in section 3.3.2. The effect
of reaction temperature, current density, treatment time and concentration of the

electrolyte on the surface morphology is compared.

Figure 5-1. ESEM image of surface morphology of untreated aluminium AA1050
sample at 2000x magnification with working distance (WD) 10 spot size 4 and
accelerating voltage 20 KV.
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Figure 5-2. ESEM image of surface morphology of anodised aluminium sample
treated with 20.24 wt% sulphuric acid for 45 mins at a temperature of 30 °C(a)
current density of 6 x 10* Acm™ and (b)) current density of 18 x 10* A/cm? at
2000x magnification with working distance (WD) 10 spot size 4 and accelerating
voltage 20 KV.

(a) - I N—— y

Figure 5-3. ESEM image of surface morphology of anodised aluminium sample
treated at a current density of 9x10-4 A/cm? for 45 mins at ~30 °C (a) with 16.56
wt% sulfuric acidand (b) with 20.24 wt% sulfuric acid at 2000x magnification with
working distance (WD) 10 spot size 4 and accelerating voltage 20 KV.

(a) (b)

Figure 5-4. ESEM image of surface morphology of aluminium samples treated with
20.24 wt % sulfuric acid at a current density 9 x 104 A/cm? for 45 mins(a) at 15
°C and (b) at 50 °C at 2000x magnification with working distance (WD) 10 spot
size 4 and accelerating voltage 20 KV.
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Figure 5-5. ESEM-SE image of surface morphology of aluminium sample treated
with 20.24 wt % sulfuric acid at a current density 9 x 10* A/cm?2 for 90 mins at
room temperature.

Figure 5-1 represents surface morphology of aluminium AA1050 without any
treatment and under various anodising conditions from Figure 5-2 to Figure 5-5.
It is clear that current density, concentration and anodisation temperature has
significant effect on surface morphology. The anodisation time has no significant
effect on surface morphology unless the anodisation time is too high then the
surface gets damaged as shown in Figure 5-5, for this the treatment time was 90
mins. So for sulfuric acid anodisation the anodisation time is kept between 45-60

mins.

It is clear with increasing current density the surface morphology changes as
shown in Figure 5-2 (a) and (b). The current density increased from 6x10°% A/cm?
to 18x10“*A/cm?, this is expected as with increase in current density the rate of
anodisation increases. Similarly when concentration of sulfuric acid increased from
16.56 to 20.24 wt% the nanostructured surface morphology also changed as
evident from Figure 5-3 (a) and (b). With higher concentration of sulfuric acid the
electrolyte concentration increases and hence the rate of anodisation increases.
The sulfuric acid reacts with aluminium substrate and produces aluminium sulfate
which gets into the electrolyte solution and liberates hydrogen gas. This process
produces micrometer roughness on the aluminium surface. But the temperature

has opposite effect on surface morphology i.e lower the temperature better is the
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anodisation process and more rough surface morphology. When the temperature
is 15 °C the surface morphology is more rough than when the temperature is 50
°C as shown in Figure 5-4 (a) and (b) respectively. It is observed that with increase
in temperature the rate of anodisation should increase as the electrolyte molecules
becomes more mobile but in real situation with increase in temperature the surface
of aluminium inherently gets covered with an oxide layer and hence the anodisation

process can no longer occur effectively.

Optimisation of anodisation parameters

The results obtained from the above ESEM images were studied properly and
sulfuric acid anodisation parameters were modified. The modified conditions for
sulfuric acid anodisation were given in Table 5-1.

Table 5-1. Optimised sulfuric acid anodisation parameters for aluminium AA1050
to obtain desirable surface morphology.

Sample Concentration Current Voltage Treatment Temperature
name of H.S04 (g/L) density v) time (°C)
(A/cm?) (mins)
SH300 300 15x104 21.8-19.6 60 35-40
SH175 175 15x10# 22.5-17.0 60 35~40
SH131 131 15x10-4 22.2-19.0 60 35~40
SH410 300 15x104 21.8-19.6 40 10
SH415 175 15x10# 22.5-17.0 40 10
SH411 131 15x104 22.2-19.0 40 10
SH610 300 15x104 21.8-19.6 60 10
SH615 175 15x10- 22.5-17.0 60 10
SH611 131 15x104 22.2-19.0 60 10
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(b)

() (d)

Figure 5-6. ESEM image of surface morphology of aluminium AA1050 samples (a)
SH610 at 500x magnification, (b) SH610 at 2000x magnification, (c) SH410 at
500x magnification and (d) SH410 at 200x magnification. In all the cases the
accelerating voltage is 20 kV and spot size 4.

After modifications of anodisation conditions some tests were performed at higher
temperature 35-40 °C but the surface morphology was not improved but when the
tests were performed at a controlled temperature of 10 °C the surface morphology
improved as depicted in Figure 5-6 (a-d). The experiments were performed in two
different time parameters: 60 mins and 40 mins respectively. The concentration,
temperature and all the other experimental conditions were kept constant. It is
observed the surface morphology improved with a longer anodisation time. In all
the cases, the concentration of sulfuric acid was 300 g/L. It is clear that in the

first case the surface morphology is more uniform than the later.
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5.2.2 Chemical etching

The chemical etching was performed by a mixture of hydrochloric acid (HCI) and
hydrogen peroxide (H202). The detailed experimental conditions are given in
section 3.3.3. The etching temperature, etching time and conc of the etching

solution were modified to obtain uniform surface morphology.

(c) (d)

Figure 5-7. ESEM image of aluminium substrates etched with a mixture of 0.5 M
HCl and 0.5 M H202 (a) Al.50.50.40.20, (b) AI.50.50.40.60, (c) Al.50.50.30.60 and
(d) Al.50.50.60.60 with accelerating voltage of 20 kV and spot size 4.

Figure 5-7 shows the surface morphology of aluminium substrate samples
chemically etched with a mixture of 0.5 M HCl and 0.5 M H20.. The etching duration
and etching temperature is varied to analyse the difference in morphology. The
average pore size on the substrate surface was measured from the ESEM images
using digital scale. In Figure 5-7 (a) and (b) the etching was done at a constant
temperature of 40 °C and the etching time is varied, 20 mins for the former and

60 mins for the later. It is observed when treatment time was 20 mins no
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significant pores on the substrate surface, while when etching time was increased
to 60 mins an average pore size on the surface is 5.73 pm. Again the etching time
is kept constant for 60 mins and the etching temperature is increased from 30 °C
to 60 °C as shown in Figure 5-7 (c) and (d). With increasing temperature the pore

size increases drastically from 2.43 ym to 6.03 um.

(c) (d)

Figure 5-8. ESEM image of aluminium substrates etched with a mixture of 1 M HCI
and 0.25 M H202 (a) Al.1.25.40.20, (b) Al.1.25.40.60, (c) Al.1.25.30.60 and (d)
Al.1.25.60.60 60 with accelerating voltage of 20 kV and spot size 4.

Figure 5-8 depicts ESEM SE image of aluminium substrate surface after chemical
etching with a mixture solution of 1 (M) HCl and 0.25 (M) H202. The etching time
is varied from 20 mins to 60 mins at a constant temperature of 40 °C and the
surface morphology alters as shown in Figure 5-8 (a) and (b). With the increase
in concentration of HCI the pore size increases. When the etching time increased

from 20 mins to 60 mins the pore size also increased from 1.47 to 5.93 ym. Again
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as shown in Figure 5-8 (¢) and (d) the etching time is kept constant for 60 mins
and the etching temperature is increased from 30 °C to 60 °C. It is observed that
with increase in temperature the pore size increases by 2.5 times from 2.70 to
6.67 pm. As compared to aluminium samples as shown in Figure 5-7 the
concentration of HCI is increased two fold and the concentration of H20: is
decreased two fold and a significant change in surface morphology and pore size

is observed which will be discussed in later sections.

(c) (d)

Figure 5-9. . ESEM-SE image of aluminium substrates etched with a mixture of 2
M HCI and 0.1 M H202 (a) Al.2.10.40.20, (b) Al.1.25.40.60, (c) Al.1.25.30.60 and
(d) Al.2.10.60.60 60 with accelerating voltage of 20 kV and spot size 4.

The ESEM-SE image of aluminium substrates when treated with an etching solution
of 2 (M) HCl and 0.1 (M) H202 is given in Figure 5-9 (a-d). The etching temperature
and time was varied under the same conditions as shown in Figure 5-7 and Figure
5-8 . In this case the concentration of H20:2 is very low of 0.1 (M) and hence small

pores on the surface is observed even when the etching temperature was kept

high at 60 °C and the etching was continued for 60 mins as shown in Figure 5-9
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(d). The pore size is 3.47 ym and is almost 1.5 times lower as observed under the
same conditions of temperature and etching time but the concentration of H20:2 is

high as 0.5 M and 0.25 M as shown in previous two cases.

Figure 5-10. ESEM-SE image of aluminium substrates etched with a mixture of 2
M HCl and 0.25 M H20:2 (a) Al.2.25.40.20, (b) Al.2.25.40.60, (c) Al.2.25.30.60 and
(d) Al.2.25.60.60 60 with accelerating voltage of 20 kV and spot size 4.

Figure 5-10 (a to d) shows the ESEM-SE image of chemically etched aluminium
samples with a mixture of 2 M HCIl and 0.25 M H202. The substrates were treated
at 40 °C for 20 mins and 60 mins respectively as shown in Figure 5-10 (a) and (b).
The pore size changes from 1.73 um to 4.47 ym respectively. Again for Figure 5-10
(c) and (d) the substrates were treated for 60 mins at 30 °C and 60 °C. When the
temperature is doubled the pore size decreases from, 2.53 ym to 1.20 pm. With
the increased temperature the pore size should increase as the electrolyte becomes
more mobile and hence pore size should increase, but in this case the pore size

decreases.
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5.2.3 Deposition of Nanoparticles

The Cu nanoparticles were deposited on the aluminium surface by spin coating
process. For the process mainly two approaches were used. Firstly, the
nanoparticles were dispersed in a solution of ethanol and the dispersion was
deposited on the aluminium surface followed by a thin layer of PFA emulsion.
Secondly, Cu-nanoparticles were functionalised with the PFA emulsion and then
the particles along with excess PFA emulsion were deposited on the aluminium

surface.

(c) (d)

Figure 5-11. ESEM image of aluminium substrates coated with a composite mixture
of2 g/L Cu-nanoparticles and synthesized PFA 10.1 emulsion (a) 500x
magnification cured at room temperature, (b) 8000x magnification cured at room
temperature, (c) 4000x magnification cured at 80 °C and (d) 8000x magnification
cured at 80 °C.
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Figure 5-11 (a - d) shows ESEM SE image of aluminium substrate coated with a 2
g/L solution of Cu-nanoparticle in PFA 10.1 emulsion solution. The polymer was
cured at room temperature as shown in Figure 5-11 (a) and (b) and at 80 °C as
shown in Figure 5-11 (c¢) and (d). The images were captured at different
magnification and the uniformity of the coating is dependent on the curing

temperature.

(d)

Figure 5-12. ESEM image of aluminium substrates coated with a composite mixture
of 2 g/L Cu-nanopartcles with 0.1 M POTS in synthesized PFA 10.1 emulsion (a)
500x magnification cured at 80 °C, (b) 8000x magnification cured at 80 °C, (c)
4000x magnification cured at 120 °C and (d) 10000x magnification cured at 120
°C.

Figure 5-12 (a-d) shows ESEM SE image of aluminium substrates coated with a
composite coating of 2g/L solution of Cu-nanoparticles in PFA10.1 emulsion
solution. The only difference with the samples shown in Figure 5-11 is that here

the Cu-nanoparticles were first modified with a 0.1 M POTS solution and then
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dispersed in PFA 10.1 solution. The detailed synthesis and modification process of
PFA emulsion is given in chapter 4. After modification of Cu-nanoparticles with the
POTS solution the surface hydrophobicity increases substantially and will be
discussed in details in next chapter. The icephobic property of the surface also
changes due to the modification. The surface morphology does not change

significantly with the modification of Cu nanoparticles with POTS.
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5.3 Surface roughness study

5.3.1 Anodisation

(f)

Figure 5-13. 2D model representation of aluminium substrates anodised under
optimised conditions with controlled temperature at 10 °C and constant current
density of 15x10* A/cm? (a) with anodising solution of 300 g/L H2S0a4 for 40 mins,
(b)with anodising solution of 300 g/L H2S04 for 60 mins, (c) with anodising
solution of 175 g/L H2S04 for 40 mins, (d) with anodising solution of 175 g/L H2S04
for 60 mins, (e) with anodising solution of 131 g/L H2S04 for 40 mins and (f) with
anodising solution of 131 g/L H2504 for 60 mins.
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Figure 5-13 (a to f) shows surface roughness variation of aluminium substrates
after anodising under optimised conditions as stated in section 5.2.1. The
temperature for anodisation is kept under 10 °C in each case and the current
density is maintained at 15 x 10 A/cm? throughout the anodisation process. The
concentration of H2SO4 is varied from 300 g/L to 131 g/L and the time of treatment
is varied from 40 mins to 60 mins. It is observed that when the electrolyte
concentration is 300 g/L the concentration of H* ions increases in the solution and
hence the rate of anodisation increases with high surface roughness of 3.65 um as
shown in Figure 5-13 (a). The treatment time is 60 mins in this case. When the
treatment time is decreased to 40 mins the surface roughness value also decreases
to 2.44 ym shown in Figure 5-13 (b). Again the concentration of electrolyte is
lowered from 175 g/L to 131 g/L, with constant treatment time of 60 mins the
surface roughness value decreases gradually from 2.98 pm to 2.12 pym as shown

in Figure 5-13 (c) and (e) respectively.

Alternatively when time of treatment is decreased from 60 mins to 40 mins the
surface roughness value decreases significantly. For the same set of concentration
as mentioned above when the treatment time was decreased to 40 mins the
surface roughness becomes 2.15 pm and 1.59 um respectively, i.e; 25-30 %

decrease in surface roughness is observed.

Table 5-2 shows the average surface roughness of the anodised aluminium

substrates. The details of the anodising conditions are given in section 3.3.2.
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Table 5-2. Average Surface roughness of anodised aluminium samples.

Sample Name Average surface roughness (Ra,
Hm)
SH 25 2.44
SH 28 3.65
SH 26 2.15
SH 29 2.98
SH 27 1.59
SH 30 2.12

5.3.2 Chemical Etching
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Figure 5-14. 2D model representation surface roughness of aluminium substrates
etched with a solution of 0.5 M HCl and 0.5 M H202 (a) treatment time 20 mins
and temperature 40 °C, (b) treatment time 60 mins and temperature 40 °C, (c)
treatment time 60 mins and temperature 30 °C and (d) treatment time 60 mins
and temperature 60 °C.
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Figure 5-14 (a to d) shows the 2D image of surface roughness of aluminium
substrates etched with a solution of 0.5 M HCI and 0.5 M H20.. Different colours
represent different height on the surface with blue is the lowest surface roughness
and light red is the highest surface roughness. Figure 5-14 (a) and (b) shows
sample etched at 40 °C for 20 mins and 60 mins respectively. With increase in
treatment time the surface roughness Ra value varies from 2.13 ym to 2.22 um.
Again when the temperature is increased from 30 °C to 60 °C and treatment time
is kept constant at 60 mins, surface roughness Ra value decreases from 2.52 ym

to 1.82 pym as represented in Figure 5-14 (c) and (d).
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Figure 5-15. 2D model representation surface roughness of aluminium substrates
etched with a solution of 2 M HCIl and 0.1 M H202 (a) treatment time 20 mins and
temperature 40 °C, (b) treatment time 60 mins and temperature 40 °C, (c)
treatment time 60 mins and temperature 30 °C and (d) treatment time 60 mins
and temperature 60 °C.
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The surface roughness variation of aluminium substrates are shown in Figure 5-15
(a to d), chemically etched with a solution of 2 M HCI and 0.1 M H20: at different
temperatures and etching times. Distribution of different colours on the image
shows a variation of surface roughness and it is more uniform as compared to that
shown in Figure 5-14 (a to d). With an increase in treatment time at a constant
temperature of 40 °C, there is a significant change in surface roughness Ra value.
When the etching time increases from 20 to 60 mins, the roughness changes from
2.17 to 1.96 pm as shown in Figure 5-15 (a) and (b). Similarly, there is also a drop
in surface roughness 2.23 pym to 1.5 um when the temperature is increased from
30 °C to 60 °C and treatment time is kept constant at 60 mins depicted in Figure

5-15 (c) and (d).
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Figure 5-16. 2D model representation surface roughness of aluminium substrates
etched with a solution of 2 M HCI and 0.5 M H202 (a) treatment time 20 mins and
temperature 40 °C, (b) treatment time 60 mins and temperature 40 °C, (c)

treatment time 60 mins and temperature 30 °C and (d) treatment time 60 mins
and temperature 60 °C.

Figure 5-16 (a to d) shows chemically etched aluminium surface with a solution of
2 M HCl and 0.5 M H202. The concentration of H20: is kept the same and
concentration of HCI increased 4 times as compared to aluminium samples as
shown in Figure 5-14. The surface roughness Ra decreases by 3.2 ym to 2.3 um
when treatment time increased from 20 mins to 60 mins at 40 °C, the thickness

of the substrate decreases by 0.27 ym as well as shown in Figure 5-16 (a) and
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(b). Alternatively, the surface roughness Ra value decreases from 2.4 ym to 1.2
um when treatment temperature increased from 30 °C to 60 °C and treatment

time was kept constant for 60 mins as shown in Figure 5-16 (c) and (d).
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Figure 5-17. . 2D model representation surface roughness of aluminium substrates
etched with a solution of 1 M HCI and 0.25 M H202 (a) treatment time 20 mins
and temperature 40 °C, (b) treatment time 60 mins and temperature 40 °C, (c)

treatment time 60 mins and temperature 30 °C and (d) treatment time 60 mins
and temperature 60 °C.

Aluminium substrates are chemically etched with a solution of 1 M HCl and 0.25 M
H202 and the surface morphologies are given in Figure 5-17 (a to d). When the
etching time is increased from 20 mins to 60 mins the surface roughness Ra value

increases from 1.88 ym to 2.26 um, the temperature is kept constant at 40 °C
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shown in Figure 5-17 (a) and (b). Again, as shown in Figure 5-17 (c¢) and (d) when
the temperature is increased from 30 °C to 60 °C and the etching time is kept
constant for 60 mins, the surface roughness Ra value changes from 1.86 umto 1.6

pum.
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Figure 5-18. 2D model representation surface roughness of aluminium substrates
etched with a solution of 2 M HCI and 0.25 M H202 (a) treatment time 20 mins
and temperature 40 °C, (b) treatment time 60 mins and temperature 40 °C, (c)
treatment time 60 mins and temperature 30 °C and (d) treatment time 60 mins
and temperature 60 °C.

Figure 5-18 (a to d) shows the variation of surface roughness of aluminium
substrates when chemically etched with a solution of 2 M HCIl and 0.25 M H:20:.
Figure 5-18 (a) and (b) shows the substrate surface when the treatment time is
increased from 20 mins to 60 mins and the temperature is kept constant at 40 °C.
The surface roughness Ra value increases from 1.78 pym to 2.82 um. Again the
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time of treatment is kept constant for 60 mins and the treatment temperature is
doubled from 30 °C to 60 °C, the surface roughness decreases from 2.54 uym to

1.77 pm as shown in Figure 5-18 (c) and (d).

Table 5-3 shows the average surface roughness of chemically etched aluminium
surfaces. The etching conditions including the concentration of HCl and H20.,

treatment time, and etching temperature are also listed.

Table 5-3. Average surface roughness values of chemical etched aluminium
substrates with etching conditions.

Sample Conc. Of Conc. Of Treatment Treatment Average
Name HCI (M) H202 (M) time temperature Surface
(mins) (°C) Roughness
(Ra, pm)
Al 18 0.5 0.5 20 40 2.13
Al 19 0.5 0.5 60 40 2.22
Al 20 0.5 0.5 60 30 2.52
Al 21 0.5 0.5 60 60 1.82
Al 22 2.0 0.1 20 40 2.17
Al 23 2.0 0.1 60 40 1.96
Al 24 2.0 0.1 60 30 2.23
Al 25 2.0 0.1 60 60 1.50
Al 26 2.0 0.5 20 40 3.20
Al 27 2.0 0.5 60 40 2.30
Al 28 2.0 0.5 60 30 2.40
Al 29 2.0 0.5 60 60 1.20
Al 30 1.0 0.25 20 40 1.88
Al 31 1.0 0.25 60 40 2.26
Al 32 1.0 0.25 60 30 1.86
Al 33 1.0 0.25 60 60 1.60
Al 34 2.0 0.25 20 40 1.78
Al 35 2.0 0.25 60 40 2.82
Al 36 2.0 0.25 60 30 2.54
Al 37 2.0 0.25 60 60 1.77
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5.3.3 Deposition of nanoparticles
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Figure 5-19. 3D model representation surface roughness of aluminium substrates
deposited with Cu-nanoparticles in PFA 10.1 emulsion containing (a) 4 g/L Cu-
nanoparticles and (b) 2 g/L Cu-nanoparticle solution.

Different concentration of Cu-nanoparticles were dispersed in PFA 10.1 emulsion
solution and then the mixture was deposited on the substrate surface. Figure 5-19
(@) and (b) shows variation of surface roughness when 4 g/L Cu-nanoparticle and
2 g/L Cu-nnaoparticle solution is used. It is observed that with the increase in
concentration of Cu- nanoparticle the surface roughness increases. Unlike the
anodised samples and chemically etched samples as discussed in section 5.2.1 and

5.2.2 the surface roughness is in the nanometer range. When the 4 g/L Cu
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nanoparticle was deposited average Ra value of 23.6 nm was obtained and when
the concentration was reduced to 2 g/L the average Ra value decreases slightly to

20.1 nm.
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5.4 Effect of deposition of polyfluoroacrylate polymer
coating on the modified surfaces

Thickenss of the polymer coating

The synthesized polyfluoroacrylate emulsion is deposited on the anodised,
chemically etched and nanoparticle deposited substrates by spin coating method.
In each case 0.5 ml volume of PFA emulsion is used and the curing temperature

was kept at 80 °C and duration also kept at 120 mins in all the cases.
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Figure 5-20. Variation of PFA coating thickness with surface roughness for different
surface modification processes (a) anodising, (b) chemical etching and (c)
nanoparticle deposition, coated with PFA10.1 emulsion by spin coating process and
cured at 80 °C.

Figure 5-20 (a-c) shows variation of coating thickness for PFA deposited on
anodised, chemical etched and nanoparticle deposited substrates. It is observed
that coating thickness is very low in all the cases and hence will have very small
effect on altering the surface roughness. The average coating thickness of PFA
coating in all the cases for chemical etched and nanoparticle deposited surfaces
were above 1 um as shown in Figure 5-20 (b) and (c). For anodised samples with
the increase in surface roughness beyond 3 pm the PFA coating thickness

decreases below 1 uym as found in Figure 5-20 (a).

5.5 Evaluation of coating water erosion resistance

The coating erosion resistance of the synthesized polymer on the aluminium
substrate is evaluated by water impinging test. The details of the experimental

process is given in section 3.8.1. The substrates are coated with the polymer before
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and after surface treatment by anodization, chemical etching and nanoparticle
deposition. The rate of flow of water is kept constant throughout the experiment

and the decrease in thickness of the coating layer is measured.

The anodised, chemically etched and Cu-nanoparticle deposited substrates were
coated with synthesized polyfluoroacrylate emulsion and subjected to water
impinging test to analyse the coating adhesion strength and erosion resistance on
the modified surfaces. The conditions and details of the impinging tests were given

in section 3.8.1 and kept uniform throughout.

5.5.1 PFA coating on anodised aluminium substrate
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Figure 5-21. Variation of water contact angle on anodised aluminium surface
coated with polyfluoroacrylate emulsion containing various concentrations of
fluorine after the water impinging test.

The erosion resistance of the polymer coating on the anodised surface is shown in

Figure 5-21, as a change in water contact angle before and after the impinging
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tests. Polymers with various concentration of heptafluorobutyl acrylate is being
used. The hydrophobicity of the samples are also evaluated before and after the
impinging test. It is clear from the water contact angle data before and after the
water impinging that surface hydrophobicity is maintained for all the samples
though there is a slight decrease in hydrophobicity indicating some loss of the
polymer. This is supported by the measured weight difference of the same samples
before and after the impinging tests. The weight of the samples decreases in the
range of 17 to 24 mg, indicating a loss in the polymer coating material. Highest
water contact angle obtained for the anodised sample when the polymer containing
1 molar ratio of heptafluorobutyl acrylate is being used. After the water impinging

test the WCA value decreases from 145 °© to 131 °.

5.5.2 Coatings on chemically etched substrate
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Figure 5-22. Variation of water contact angle on chemically etched aluminium
surface coated with polyfluoroacrylate emulsion containing various concentrations
of fluorine after the water impinging test.
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Figure 5-22 shows change in weight of the polymer coating and variation of surface
hydrophobicity of the polymer coated chemically etched aluminium substrate as a
function of fluorine content of the coated polymer emulsion. Similar to the anodised
samples, the chemically etched samples also retain their hydrophobicity after
water impinging test. Average water contact angle after water impinging tests
range between 110 ° to 131 ° depending on the fluorine content. The average
decrease in water contact angle before and after the water impinging test is 11 °.
The weight loss of the polymer coating also ranges between 5 to 35 mg. This
indicates that after the water impinging test some polymer is lost from the
substrate surface and hence change in water contact angle. The condition for water
impinging tests were kept constant for all the samples and detailed conditions are

given in chapter 3.

5.5.3 Coatings on nanoparticle deposited surface
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Figure 5-23. Variation of water contact angle on Cu-nanoparticle deposited
aluminium surface coated with polyfluoroacrylate emulsion containing various
concentrations of fluorine after the water impinging test.

143



A composite coating of Cu-nanoparticle and polyfluoroacrylate emulsion was
deposited on aluminium substrate surface and then the substrates were subjected
to water impinging test. Figure 5-23 shows the variation of water contact angle on
the coated substrates before and after the impinging tests due to erosion. 1 wt %
of Cu-nanoparticles were used in all the cases, the concentration of fluorine was
varied from 0.25 to 2 M. It is observed that similar to anodised and chemically
etched substrates, the water contact angle decreases for all the cases after the
erosion test but the extend of decrease is higher than the former two as shown in

Figure 5-21 and Figure 5-22.

5.6 Discussion

5.6.1 Comparison of Anodisation and Chemical etching for surface
modification

As presented earlier mainly three processes are used to produce surface roughness
anodisation, chemical etching and deposition of nanoparticles. The former two
processes are highly dependent on the temperature, treatment time and
concentration of the electrolyte and etching agent respectively. The effect of all
the process parameters on the surface morphology and surface roughness will be
discussed in details in the later sections. But from the surface morphology and
roughness value obtained for different processes in section 5.2 and 5.3 it is
observed a uniform surface morphology is obtained for both chemical etching
process and anodisation but for nanoparticle deposition the surface is not uniform
as compared to the former two. Also for chemical etching the process parameters
are easy to control as compared to anodisation process, where it is hard to

maintain the temperature below 10 °C.
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(a) (b)

Figure 5-24. SEM image of surface morphology aluminium substrates (a) Anodised
with a 175 g/L solution of H2SO4 with a current density of 15 x 10™* Acm™2 under
10 °C for 40 mins and (b) Chemically etched with a 2 M HCl and 0.25 M H20:2
solution at 40 °C for 60 mins.

Figure 5-24 (a) and (b) shows the aluminium substrate surface after anodisation
and chemical etching respectively. For anodisation, 175 g/L H2SO4 solution was
used as an electrolyte with a current density of 15 x 10* Acm™ at 10 °C for 40
mins. Again for chemical etching, a mixture solution of 2 M HCI and 0.25 M H202
were used at 40 °C for 60 mins. In both cases the average surface roughness
values obtained are 2.12 ym and 2.09 um respectively. But the average pore size
for anodisation processed samples is 1.9 um which is much higher than pore size
(0.98 um) of the samples obtained by chemical etching method H2S04 is a strong
acid and the H* ions are more reactive resulting wider pore. Alternatively in the
case of chemical etching the reaction of H202 and HCI produces reactive OH radical
but since there is no electrodes or potential difference in the solution the process

is slow and hence smaller pores were obtained.

The concentration of electrolyte in anodisation process also has significant
influence on the surface morphology and roughness of the aluminium substrates.
The surface roughness can go up to 4 um when the temperature is low as 10 °C

and the concentration of H2S04 is high (300 g/L).The concentration of etching
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solution also alters the surface morphology and surface roughness but the variation

is not as high compared to anodisation process.

(©) (d)

Figure 5-25. SEM image of surface morphology of aluminium substrate anodised
(@) with 175 g/L H2S04 solution at 10 °C for 60 mins, (b) 175 g/L H2S04 solution
at 10 °C for 40 mins, (c) 300 g/L H2S04 solution at 10 °C for 60 mins and (d) 300
g/L H2S04 solution at 40 °C for 60 mins.

The effects of anodisation time on surface morphology of the substrates are shown
in Figure 5-25 (a) and (b). In both the cases the concentration of sulphuric acid
and temperature is kept same at 175g/L and 10 °C. The anodisation time varies
from 60 mins (Figure 5-25 (a)) to 40 mins (Figure 5-25 (b)). It is clear that surface
morphology is highly affected by the anodisation time. Wider pore with diameter
of 3.42 ym was obtained as compared to 2.86 um when the anodisation time
increased from 40 mins to 60 mins. The average surface roughness Ra value also

changes from 2.15 pym to 2.98 pm with increase of treatment duration. The
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substrate surfaces were exposed to the H2S04 solution longer, leading to larger
pore diameter and higher surface roughness with the increase of treatment

duration.

When the anodisation temperature was increased from 10 °C to 40 °C, the surface
morphology and surface roughness changes significantly. Figure 5-25 (c) and (d)
shows the SEM surface morphology of anodised aluminium substrates at 10 °C and
40 °C respectively. The concentration of sulphuric acid was 300 g/L and
anodisation time of 60 mins was kept constant in both the cases. When the
temperature was 10 °C, the surface morphology is uniform and average surface
roughness Ra is 2.12 ym. However, when the temperature was higher at 40 °C,
there is no visible surface feature observed and the average surface roughness
value is 0.96 um. This indicates that the surface is no longer rough when the
temperature is high. One of the possibility is that when the temperature is higher
the anodisation is too fast leading to polishing effect on the surface and also a layer
of Al203 gets formed. This concludes that controlling temperature and treatment
time is very crucial for anodisation process as the variation in surface morphology

and surface roughness is significantly high.
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5.6.2 Surface morphology of aluminium substrate deposited with Cu-
nanoparticles
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Figure 5-26. Comparison of surface roughness for aluminium substrates treated
with anodisation, chemical etching and Cu-nanoparticle deposition.

Cu-nanoparticle deposition provides surface roughness in nanometer range unlike
for anodised or chemically etched samples for which the surface roughness is in
micrometer range. Figure 5-26 shows the comparison of surface roughness values
for aluminium substrates by different surface modification techniques. It is
observed that highest average surface roughness values are obtained for anodised
substrates when anodised with a 300 g/L H2S04 solution with a current density of
15 A/cm? for 60 mins and the temperature was maintained at 10 °C. Again when
the samples were chemically etched with a mixture of HClI and H202 solution
containing 1 M HCI and 0.5 H202, the average surface roughness value decreases
to 1.66 pm as compared to 2.12 ym for anodised samples. The average surface
roughness drastically decreases to 23.6 nm when 2 g/L Cu-nanoparticles were

deposited on the substrate surface.
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5.6.3 Effect of temperature in chemical etching process
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Figure 5-27. Variation of average surface roughness with treatment temperature
of chemically etched aluminium surfaces with with a 1 M solution of HCl and 0.5 M
solution of H202 and at a constant etching time of 60 mins.

Temperature also have significant effect on the surface roughness during the
chemical etching process. Figure 5-27 shows the variation of average surface
roughness of chemically etched aluminium substrates. The temperature of etching
was varied from 10 °C to 60 °C. The concentration of etching solution was kept
constant at 1 M HCI and 0.5 M H202. The etching time was also kept constant for
60 mins. It is observed that the average surface roughness value ranges between
0.9 to 1.9 ym. When the temperature is increased from 10 to 40 °C the average
surface roughness also increases from 0.95 pm to 1.89 ym. With the increasing
temperature, the surface roughness increases gradually as the ions become more
mobile and the oxidation of CI" to Clz is also increased due to chemical etching.

With further increase in temperature the average surface roughness decreases to
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a small extent but the thickness of the substrate decreases to a 20 % of original
value. The significant decrease in thickness is due to the very high rate of chemical
etching, resulting in polishing effect and hence sometimes lower surface roughness
is obtained. The trend of variation of surface roughness with variation of
concentration is more or less same for the other concentration chemical etching

processes as well.

5.6.4 Role of treatment time in chemical etching process
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Figure 5-28. Variation of surface roughness with etching duration of chemically
etched aluminium surfaces with 1 M HCI and 0.5 M H202 at constant temperature
of 40 °C.

Figure 5-28 shows the variation of average surface roughness of chemically etched
aluminium substrate surfaces with increasing etching time. The etching was carried
out at a 10 min interval from 20 mins to 60 mins. The etching temperature in all
the cases was maintained at 40 °C. The concentration of HCl and H202 was kept
constant for 1 M and 0.5 M respectively. The average surface roughness value

obtained is in the range of 1.45 to 1.7 um. It is observed that initially with increase
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in etching time from 20 to 40 mins the surface roughness value gradually increases
from 1.49 ym to 1.60 um. With further increase in etching time fom 40 to 60 mins
the surface roughness becomes almost constant at 1.70 pm indicating no further
effect of etching time on surface roughness. This can be explained as with increase
in etching time the chemical etching gradually increases but when certain time
duration is reached there are no more free ions in the solution for further etching

process and hence the no change in surface roughness.

5.6.5 Influence of concentration of the etching agent

The concentration of HCl and H202 is an important determining factor for the
chemical etching process as it determines the rate of the chemical etching. The
concentration of HCl was varied from 0.25 M to 2 M and the concentration of H20:
is varied from 0.1 M to 1 M. The concentration of HCI influences the rate of the

overall reaction and hence the reaction rate.

In a solution of HCI and H202, the HCI dissociates rapidly into H* and CI" ions. Now
comparing the reduction potential of H202 and CI- the later gets oxidised to the Cl2
gas. This Cl2 gas is in constant equilibrium with the CI" ions in the solution. The

H20: also gets reduced to H20.

H,0,+Cl, === 0O,+2H"+2CI Reaction 5-1

The rate law of the reaction when the concentration of HCI is more than 1 M can

be represented as reference in [215],

d(H,0,)  d(Cly)  [H,0,][Cl,] 5-1
Cdt dt [HA][C]
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d(H;02) is the rate of

Where -— is the rate of dissociation of H202 and —

d(Cly)
dt
dissociation of chlorine. [H202], [Cl2], [H*] and [CI'] is the concentration at
equilibrium for hydrogen peroxide, chlorine gas, hydrogen ion and chloride ion
respectively. 'k’ is the equilibrium constant for the reaction. The rate determining

step of the reaction is between hydrogen peroxide and hypochlorous acid as written

below,
H,O + Cl, = H" +C1- +HOCI1 Reaction 5-2

HOCI+H,0, — H,0+0,+H" +CI Reaction 5-3

When the hydrochloric acid concentration is lesser than 1 M the rate of the reaction
is less than that expected by the above equations. At lower concentration of HCI

the reaction mechanism changes to the following,

k, Reaction 5-4
Hzoz +C12 ‘? H+ —+ Cl- +HOOC1

b

ke . _
HOOCI — » O,+H"'+CI Reaction 5-5

Where ka is the rate constant for forward reaction and ko is the rate constant for
backward reaction as shown in Reaction 5-4. The rate constant for dissociation

HOOCI is ke as given in Reaction 5-5. The resulting rate law is described as :

d(H,0;)  kck, [H;0,][Cl,] 5-2
©dt kyp[HY][CIT] + k.
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When the concentration of hydrogen ions and chloride ions are high the rate law
reduces according to equation 5-2 . At lower concentration of H* and CI" ions the
ke value becomes significant and hence the rate of the reaction decreases. And at
further low concentration of H* and CI° the rate law changes to the following

equation 5-3 where K is the hydrolysis constant for chlorine.

_ d(H202) _

292 = Kk, [H,0,][Cl,] = 2 [H,0,][HOCI][H*][CI"] 5-3
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Figure 5-29. Variation of surface roughness of chemically etched aluminium surface
with different concentration of HCI at constant 0.50 M concentration of H202 at 40
°C for 60 mins.

Figure 5-29 shows the surface roughness variation of aluminium substrates when
etched with a solutions of constant concentration of H202 and different
concentration of HCI. The treatment temperature and treatment time was also kept
constant at 40 °C and 60 mins. The concentration of HCI was varied from 0.25 M

to 2 M. The volume of etching solution is also kept constant in each case. It is
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evident that with increase in concentration of HCI from 0.25 M to 1.5 M, the
average surface roughness increases indicating increase in etching rate. But when
the concentration increased from 1.5 to 2 M, the average surface roughness value
decreases drastically. The rate of change in surface roughness is not uniform
throughout as depicted above. When the concentration of HCl is increased from
0.25 M to 0.50 M, there is a very small increase in surface roughness which
supports the theory that rate of the reaction is slow at less than 1M concentration
of HCl and the rate equation is given in equation 5-3 . Again when the
concentration is increased from 0.50 M to 1 M, the average surface roughness
increases from 1.34 to 1.72 uym; and when the concentration increased from 1 M
to 1.5 M, the average surface roughness increases significantly from 1.72 to 2.48
pm, indicating that the rate of the reaction increases abruptly as given in equation
5-1. With the increase in reaction rate between HCl and H202, the etching rate
increases as well. But with further increase in concentration from 1.5 to 2 M of HCI,
the surface roughness decreases drastically from 2.48 to 1.64 pm, and the
thickness of aluminium substrate decreases by 27 %, as compared to original

substrate due to polishing effect by HCI at very high concentration.
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Figure 5-30. Variation of surface roughness of chemically etched aluminium surface
with different concentration of H202 at constant 1 M concentration of HCI at 40 °C
for 60 mins.

Figure 5-30 shows variation of average surface roughness on aluminium substrates
with varying concentration of H202 ranging from 0.1 M to 2M when chemically
etched with solutions of HCI and H202 containing constant 1 M concentration of
HCI. All the other experimental parameters are kept constant including constant
volume of etching solution. The etching was also conducted at a constant
temperature of 40 °C for 60 mins. It is clear from the data initially with the increase
in concentration of H202 from 0.10 M to 0.25 M to 0.5 M, the surface roughness
gradually increases from 1.58 ym to 1.69 pm to 1.74 um. with further increase in
concentration of H202 to 1 M the surface roughness increases abruptly to 2.43 pm.
This increase is supported by the rate law equation given in equation 5-1. With
increase in concentration of H20:2 the rate of chemical etching increases and hence
the surface roughness increases. But when the concentration of H202 increased
further the surface roughness decreased drastically. This is due to the fact with
increase in concentration of H202 from 1M to 1.5 M the concentration of H20:
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becomes higher than HCI hence the concentration of H* ion remaining in the
solution at equilibrium decreases and the solution no longer remains acidic enough
for efficient chemical etching process. When the concentration of H202 above 1 M
the decrease in thickness of the substrate surface is around 2 % concluding that

there was not enough chemical etching.

5.6.6 Effect of concentration of Cu-nanoparticles on surface roughness
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Figure 5-31. Variation of surface roughness of Cu-nanoparticle deposited

aluminium surface with different concentration of Cu-nanoparticles deposited by
spin coating process at a constant speed of 500 rpm for 1 min.

Figure 5-31 shows variation of surface roughness of Cu-nanoparticle deposited
aluminium substrates when different conc of Cu-nanoparticles were deposited on
the surface. The concentration of Cu-nanoparticle was varied from 1 to 8 wt %, all
the other experimental conditions like temperature, pressure were kept room
temperature and atmospheric pressure respectively. The Cu-nanoparticles were
deposited via spin coating method. 1 ml of the solution was used each time and

the coater was roatated at a speed of 500 rpm for 1 min. the process was repeated
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for three times. It is observed with the increase in concentration of Cu-
nanoparticles the surface roughness gradually increases. As the amount of
nanoparticle in the solution increases more nanoparticles gets deposited on the
substrate surface and since the nanoparticles were directly responsible for surface

roughness, so the roughness value gradually increases.

5.6.7 Effect of PFA coating on the surface roughness

After the substrate surface were modified via anodisation, chemical etching and
Cu-nanoparticle deposition separately, PFA emulsion was deposited on the
substrate surface and cured. Finally the surface roughness of the substrate is

measured and compared with that of the substrate without the polymer film.
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Figure 5-32. Surface roughness before and after PFA polymer coating on (a)
anodised, (b) chemical etched and (c) nanoparticle deposited surfaces.

Figure 5-32 shows effect of polymer coating on the surface roughness of the
substrates treated via anodisation, chemical etching and nanoparticle deposition
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separately. It is seen in section 5.4 in each case only a thin layer of polymer film
was formed. In each case the surface roughness is slightly decreased with the
deposition of PFA polymer. The overall surface roughness trend remains same for
chemically etched and nanoparticle deposited surfaces as shown in Figure 5-32 (b)
and (c). For the anodised surface when surface roughness is high as shown in
Figure 5-32 (a) the surface roughness decreases to higher extent as compared to
the mean roughness range. It may be attributed to, at higher surface roughness
the cavities on the anodised surface are large and hence the deposited PFA fills up

the cavity thus decreasing the average surface roughness value.

5.6.8 Coating erosion resistance

Coating erosion resistance of anodised, chemical etched and nanoparticle
deposited substrates were evaluated in section 5.5 by measuring water contact
angle before and after the water impinging test indicating change in surface

property and also the weight loss due to the impinging test.

10 1 1 L] 1 I
sk -
X
E
6 -
c
(] —+—Anodised
% —=—Chemically etched
g 4F Nanoparticle modified -
7] surface
(a]
2k -
0 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3

Concentration of fluorine (M)

Figure 5-33. Decrease in weight percent of the coatings after the water impinging
test for anodised, chemical etched and nanoparticle deposited substrates as a
function of change in concentration of fluorine in the PFA emulsion.
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Section 5.5 shows the water contact angle before and after the water impinging
tests for anodised, chemical etched and nanoparticle deposited surfaces as a
function of fluorine content in the PFA emulsion. It is observed that the change in
water contact angle before and after the impinging test for nanoparticle deposited
surface is much higher as compared to that of anodised or chemically etched
surface implying the erosion resistance for composite nanoparticle emulsion is
much lower as compared to PFA emulsion coating on anodised or etched surface.
The observation is also supported by the drcease in weight percent of the coatings,
as shown in Figure 5-33 . For substrates coated with PFA emulsion containing 1 M
fluorine the average decrease in weight % after the impinging test is around 6
wt% while that for anodised sample is slightly higher than 2 wt% and least for the
chemically etched surface below 2 wt%. Impinging tests condition were kept
constant and same for all the samples. The main reason for higher weight loss %
for the nanoparticle deposited samples is due to the loose bonding force for the
nanoparticles on the substrate surface and hence after water impinging test
significant amount of nanoparticle is lost from the substrate along with the PFA
emulsion resulting greater loss in water contact angle and wt%. On the contray for
anodised and chemical etched surfaces after water impinging test only deposited
PFA emulsion is lost, the surface morphology may get altered but in a very

insignificant amount and hence lesser decrease in wt%.

5.7 Summary

Anodisation, chemical etching and nanoparticle modifed processes were employed
to obtain micro and nano range surface morphology on the substrate. The surface
morphology was observed by scanning electron microscopy (SEM) and surface

roughness is measured by 3D profilometer. The coating erosion resistance was
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evaluated by water impinging tests in which water contact angles before and after

the impinging test were measured.

It is observed that uniform surface morphology is obtained on chemically etched
surface and the nanoparticle modified surface is most random. Anodisation
produces fairly uniform surface morphology but the process is highly dependent
on temperature. When the anodisation was conducted at 10 °C or below, 1-2 pym
surface roughness is obtained. During chemical etching process the substrates
were completely immersed in the etching solution and hence uniform environment
was created for the etching process and uniform surface morphology was obtained.
For the anodisation process the substrates were also completely immersed in the
H2S04 solution but the tempearature of the solution fluctuates during the
anodisation process and hence some inconsistency in surface morphology. The
H2SO04 is a strong acid and when it dissociates it produces energy in the form of
heat. With increase in temperature the anodisation process becomes vigorous and
hence thickness of the original sample decreases. The nanoparticles are deposited
via spin coating process and hence the surface morphology is not uniform
throughout. When the nanoparticles were dispersed in the solution they tend to

agglomerate and hence their distribution is not uniform throughout.

The surface roughness of anodised samples and chemically etched samples were
in micrometer range and that of Cu-nanoparticle modified surface was in
nanometer range. The surface roughnesses of anodised and chemically etched
surfaces were highly dependent on treatment time, temperature and concentration
of the electrolyte solution etc and the processes were vigorous and hence
micrometer range surface roughness was obtained in both the cases. But for
nanoparticle modified surface, only the concentration of the nanoparticle mainly
determines the surface roughness value and since the size of the Cu particles are

in nanometer range so nano surface roughness obtained. As the Cu-nanoparticles
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tends to agglomerate so that non-uniform surface roughness is obtained

throuhghout.

The thickness of the deposited PFA coating was measured on anodised, chemical
etched and nanoparticle deposited surfaces and in each case thickness was in the
range of 0.5 -2 ym. The change in surface roughness is also measured before and
after the deposition of the PFA coating. It is observed that in each case there is a
slight decrease in surface roughness as expected due to the thin layer of PFA
coating. But for anodised sample at higher surface roughness above 5 um range
the surface roughness value decreases significantly after the deposition of the PFA
coating. This is due to the deposition of the PFA polymer in the large cavities on

the surface and thus affecting the surface roughness value significantly.

The water impinging test on the PFA coated anodised, chemically etched and Cu-
nanoparticle deposited sample surface indicated the coating erosion resistance.
Cu-nanoparticle deposited surface showed lower erosion resistance than anodised
or chemically etched surfaces. The main reason for that is attributed to the fact
that Cu-nanoparticles were deposited via spin coating process and then heat
treated to attach to the substarte surface, so they are loosely bound to the
substrate surface as compared to anodised and chemically etched surface. So when
water impinging tests were performed the Cu- nanoparticles modified surfaces

would be more weak as compared to the other two types of coating samples.
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6 Hydrophobicity and Icephobicity of PFA coatings

6.1 Introduction

After surface modification the substrates were coated with the synthesized polymer
as discussed in chapter 4. Mainly two different coating process methods were used:
spin coating and spray coating. The experimental details of the coating process
was given in previous chapter. After deposition of the polymer on the aluminium
substrate, the polymer was cured at different temperatures. The curing
temperature and fluorine content in the polymer significantly influences the
hydrophobicity and icephobicity of the coated samples [216]. Fluorine functional
groups in the coating material have very low surface energy. Depending on the
concentration of fluorine and surface morphology, the surface becomes
hydrophobic or superhydrophobic. The surface icephobicity was also evaluated,

including the ice adhesion strength and the evaluation of de-icing energy.

In this chapter, the hydrophobicity of the surface was investigated by water contact
angle (WCA) and contact angle hysteresis (CAH) measurement. The variation of
hydrophobicity with different coating processes are also compared. The
icephobicity of the surface was measured and compared with hydrophilic,
hydrophobic and superhydrophobic surfaces and mechanism of reduced ice
adhesion was studied. The hydrophobicity and icephobicity of nanocomposite
coated substrate surfaces are also evaluated. The influence of surface roughness

and concentration of fluorine on icephobicity and hydrophobicity is also discussed.
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6.2 Characterization of hydrophobicity of the PFA
coatings

6.2.1 Water contact angle analysis

The average water contact angle was obtained for all the aluminium substrate
surface before and after the modification. The substrates were coated with
synthesized polymer containing different concentration fluorine, cured at different

temperature and different curing time etc.

6.2.1.1 Hydrophobicity of coatings on anodised aluminium
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Figure 6-1. Water contact angle with varied surface roughness for coating sample
with a polyfluoroacrylate emulsion containing 1:1:1 molar ratio of styrene, acrylic
acid and heptafluorobutyl acrylate on anodised aluminium.

Figure 6-1 shows influence of surface roughness on the water contact angle for
coating based on polyfluoroacrylate emulsion containing 1:1:1 molar ratio of
styrene acrylic acid and heptafluorobutyl acrylate on anodised aluminium surface.
The aluminium substrates were anodised at various condition given in previous

section 5.2.1. It is clear that with increase in surface roughness the water contact
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angle decreases. When the average surface roughness between 1.5 to 3 um the
water contact angles are above 125° indicating lower surface energy and lesser
area of contact between the water droplet and the substrate surface. But when the
surface roughness is further increased from 3 to 5 to 6 um the water contact angle
decreases drastically to 110 to 105 to 96°. This indicates that the surface
roughness is too large and the water droplet no longer sits on the troughs of the
rough surface but go inside the cavities and hence increasing the contact area

between the water droplet and surface.

(a) (b)

Figure 6-2. Schemsatic diagram of water droplet on anodised aluminium surface
coated with a thin layer of polyfluoroacrylate emulsion containing 1:1:1 molar ratio
of styrene acrylic acid and heptafluorobutylacrlate and a surface roughness of (a)
1.5to 3 pmand (b) 3.5 -6 pm.

Figure 6-2 shows the contact area of water droplets on anodised aluminium surface
coated with a thin layer of polyfluoroacrylate emulsion containing 1:1:1 molar ratio
of styrene acrylic acid and heptafluorobutylacrlate. The contact area of the water
droplet changes with the surface roughness. When the surface roughness is low in
the range of 1.5 to 3 um the water droplet makes less contact on the substrate
surface. This is explained by Cassie model according to that air can be trapped
below the water drop forming air pockets thus water contact angle increases and
hydrophobicity increases. Again when the surface roughness increases beyond 3.5
um the water droplet enters inside the cavity and hence contact angle decreases

which is supported by Wenzel theory [217-220].
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Figure 6-3. Average water contact angles with varied molar concentration of
fluorine in polyfluoroacrylate emulsion coated on anodised aluminium surfaces with
surface roughness ranging from 1.45 to 1.6 um.

The variation of average water contact angle of coating based on polyfluoroacrylate
emulsion containing different concentration heptafluoroacrylate emulsion on
anodised aluminium surface is shown in Figure 6-3. The anodisation condition was
kept constant for all the aluminium substrates. The concentration of H2SO4 was
131 g/L with current density of 15 x 10# Acm™2, the treatment time was for 60
mins and the treatment temperature was controlled below 10 °C. The average
surface roughness for all the samples is ranging between 1.45 to 1.6 ym. The
concentration of heptafluorobutylacrylate (HBA) is increased at an equal interval
of 0.25 M. In all the cases, the surfaces are hydrophobic in nature. It is observed
initially when the concentration of HBA is increased from 0.25 to 1 M there is a
gradual increase in water contact angle indicating decrease in surface energy.
When the concentration of HBA is further increased from 1 M to 2 M gradually with
0.25 M interval the average water contact angle almost remains same with a slight

decrease in value which is negligible. This indicates that the hydrophobicity is
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optimised with 1 M HBA and the hydrophobicity will not be improved with higher

concentration of more than 1 M.

6.2.1.2 Hydrophobicity of polymer coating on chemically etched aluminium
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Figure 6-4. Average water contact angle on coating with polyfluoroacrylate
emulsion containing 1:1:1 molar solution of styrene acrylic acid and
heptafluorobutylacrylate on aluminium substrates etched with a solution
containing HCI and H20..

Figure 6-4 shows the variation of average water contact angle of coating based on
polyfluoroacrylate emulsion on chemically etched aluminium substrates. The
substrates were etched with a solution of HClI and H202 containing various
concentration, etching duration and temperature to obtain different roughness
from 1 to 3 pym. The modified substrates were then coated a thin layer of
polyfluoroacrylate emulsion containing 1:1:1 molar ratio of styrene acrylic acid and
heptafluorobutylacrylate by spin coating method. Then the coated surfaces were
cured at 120 °C for 1 hr. The average water contact angle on the coated surface
ranges from 118 to 145° indicating all the surfaces are hydrophobic in nature. The
highest water contact angle of 141° obtained when the surface roughness ranges

from 1.85 to 1.88 uym. With the increase in surface roughness beyond 2 um the

167



water contact angle decreases according to Wenzel model as described in section

6.2.1.1.
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Figure 6-5. Average water contact angle of polyfluoroacrylate coatings with
various concentration of heptafluoroacrylate on aluminium substrates after etched
with a solution containing 2 M HCl and 0.50 M H202 at 60 °C for 30 mins.

Figure 6-5 shows variation of water contact angle of coatings with
polyfluoroacrylate emulsion containing various molar concentration of
heptafluorobutyl acrylate and 1:1 molar ratio of styrene and acrylic acid on
chemically etched aluminium surface. The chemical etching was performed with a
solution containing 2 M HCl and 0.50 M H202 at 60 °C for 30 mins. The surface
roughness varies from 1.7 to 1.9 um. The average water contact angle value varies
from 120 to 145° when the molar concentration of heptafluorobutyl acrylate varied
from 0.25 M to 2 M with 0.25 M interval. In all the cases, the surfaces are
hydrophobic in nature. Initially with increase in concentration of heptafluorobutyl
acrylate from 0.25 to 0.5 to 0.75 M the contact angle changes from 120° to 139°.
When the concentration is increased further the contact angle increased to a small

extend to 142° and then it almost remains unchanged with small variation
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indicating no more heptafluorobutyl acrylate can be incorporated in the main

polymer chain.

6.2.1.3 Hydrophobicity of polymer coating on aluminium with Cu-nanopatrticle
deposit
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Figure 6-6. Average water contact angle on coating with polyfluoroacrylate
emulsion containing 1:1:1 molar solution of styrene acrylic acid and
heptafluorobutylacrylate on aluminium substrates and various wt % of Cu-
nanoparticle solution.

When different concentration of Cu-nanoparticle is mixed with the PFA emulsion
and deposited on the substrate surface various surface roughness is obtained as
shown in Figure 6-6. The surface roughness varies between 23 to 65 nm. A PFA
emulsion containing 1:1:1 molar ratio of styrene, acrylic acid and heptafluorobutyl
acrylate was used in all the cases. It is observed that initially with the increase in
surface roughness from 20 to 30 nm the water contact angle gradually increases
from 135 to 141°. With further increase in surface roughness beyond 30 nm the
water contact angle (WCA) varies insignificantly with highest WCA of ~144¢° is
obtained when surface roughness was 65 nm. As mentioned in the previous cases

the surface hydrophobicity is a combination of surface roughness and surface
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energy. Since the polymer is same is all the cases so the surface enrgy factor
remains constant and the only variable affecting the hydrophobicity is surface

roughness.
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Figure 6-7. Average water contact angle on coating with polyfluoroacrylate
emulsion containing 1:1molar solution of styrene acrylic acid and various molar
ratio of heptafluorobutylacrylate on aluminium substrates and 2 wt% of Cu-
nanoparticle solution.

Figure 6-7 shows variation of water contact angle on aluminium substrate as a
function of concetration of fluorine in the PFA emulsion. The average surface
roughness in all the cases was between 50-60 nm. The concentration of fluorine
varied from 0.25 M to 2 M and corresponding water contact angle is measured.
Initially when the concentration of fluorine increased from 0.25 to 0.5 to 0.75 M
the water contact angle gradually increases from 118 to 140° indicating increase
in surface hydrophobicity. In all the cases the surface roughness is considered
same so the variable here affecting surface hydrophobicity is surface energy. With
the increase in fluorine content in the polymer the surface energy gradually
decreases as fluorine is the most electronegative and lowest surface energy

material so the surface hydrophobicity in turn increases increasing the WCA value.

170



When the concentration of fluorine increased beyond 0.75 M the contact angle

remains almost constant indicating no further decrease in surface energy.

6.2.2 Contact angle hysteresis study

6.2.2.1 Contact angle hysteresis of PFA coatings on anodised aluminium
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Figure 6-8. Variation of contact angle hysteresis of coating based on
polyfluoroacrylate emulsion containing 1:1:1 molar ratio of styrene, acrylic acid
and heptafluorobutyl acrylate on anodised aluminium substrates as a function of
average surface roughness.

In addition to water contact angle measurement, the contact angle hysteresis
(CAH) value defines whether the water droplet can easily roll off form the surface.
When the CAH value is high i.e, the difference between the advancing angle and
receding angle is high, then the droplet is more attached on the substrate surface.
Figure 6-8 shows the variation of average water contact angle hysteresis of coating
based on polyfluoroacrylate emulsion on anodised aluminium surface as a function
of surface roughness. The detailed anodisation conditions are given in previous
chapter. All the anodised samples were coated with a layer of polyfluoroacrylate

emulsion containing 1:1:1 molar ratio of styrene, acrylic acid and heptafluorobutyl
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acrylate. The surface roughness varies from 1.5 to 7 ym depending on anodisation
conditions. The average contact angle hysteresis also varies from 10 to 33°. It is
observed that the contact angle hysteresis increases with increase in surface
roughness. When the surface roughness is below 3 um, the CAH value also remains
below 12° and hence the water droplet can easily roll off from the surface. As the
surface roughness increases beyond 3 ym, the CAH increases above 15° and with
a surface roughness of 6.5 um, the CAH reaches as high as 32.5°. This high CAH
indicates that the water droplet cannot easily roll off from the surface supporting
the theory given in chapter 2. When the surface roughness is high, the water
droplets can no longer sit on the air pockets of the rough surface and it goes inside
the cavities to form a mechanical interlock resulting higher adhesion of water

droplet on the substrate with a higher CAH value [221].
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Figure 6-9. Variation of contact angle hysteresis of coating based on
polyfluoroacrylate emulsion as a function of concentration of heptafluorobutyl
acrylate with concentration of styrene and acrylic acid fixed at 1:1 molar ratio on
anodised aluminium samples.

Figure 6-9 shows variation of contact angle hysteresis on coating based on

polyfluororacrylate emulsion as a function of concentration of heptafluorobutyl
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acrylate on anodised aluminium surface. The substrates were anodised at a
constant temperature of 10 °C for 40 mins with a 131 g/L H2S04 solution. The PFA
emulsion was deposited on the substrate surface via spin coating process. The
molar ratio of styrene and acrylic acid was kept at 1:1 as constant for all the
samples. In all the cases the surfaces are hydrophobic and contact angle hysteresis
is more than 10°. With the increase in molar concentration of heptafluorobutyl
acrylate, the average CAH gradually decreases indicating that a water droplet can
easily roll off from the surface. Beyond 1 molar ratio of heptafluorobutyl acrylate,
the CAH value almost remains similar, which can be inferred that change in surface

energy and hydrophobicity is negligible.

6.2.2.2 Contact angle hysteresis of PFA coatings on chemically etched

aluminium
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Figure 6-10. Variation of contact angle hysteresis of coating based on
polyfluoroacrylate emulsion containing 1:1:1 molar ratio of styrene, acrylic acid
and heptafluorobutyl acrylate on etched aluminium substrates as a function of
average surface roughness.

Figure 6-10 shows the variation of water contact angle hysteresis of PFA coatings

containing 1:1:1 molar ratio of styrene, acrylic acid and heptafluorobutyl acrylate
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on chemically etched aluminium surface etched with a solution of HCI and H20:2
containing various concentration as a function of average surface roughness. It is
observed that the surface roughness of chemically etched samples range from 1
to 3 um. The CAH value never exceeds 20° as compared to the anodised samples
as shown in Figure 6-9, where the CAH value exceeds 30° with increasing surface
roughness. Initially when the surface roughness is low, high CAH value is observed
indicating high adhesion of water droplet on the substrate surface. When the
average surface roughness value increases beyond 1.5 ym, the CAH value also
decreases below 10° and attains a lowest CAH with a surface roughness of 1.88
pm. With further increase in surface roughness to 3 ym the CAH increases a bit
but remains below 10°. With the increase in surface roughness, a Cassie state is
reached, as shown in Figure 6-2 (a), because the contact area of the water droplet
on the surface decreases and rolling off of water droplet is easier resulting lower
CAH. With further increase in surface roughness, the water droplet starts to enter
into the cavities shown in Figure 6-2 (b) and adhesion strength increases. It is

more difficult to roll off the water droplet resulting increased CAH.
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Figure 6-11. Variation of contact angle hysteresis of PFA based coating on
chemically etched aluminium substrates as a function of concentration of
heptafluorobutyl acrylate.

The contact angle hysteresis of PFA coating on etched aluminium substrates
depends on the molar ratio of heptafluorobutyl acrylate (HBA) as given in Figure
6-11. The substrates were etched with a solution containing 2 M HCI and 0.50 M
H>02 at 60 °C for 60 mins. The PFA emulsions contain different molar ratio of
heptafluorobutyl acrylate (HBA) with molar ratio of styrene and acrylic acid
remaining as 1:1. The surface roughness of all the substrates is almost same with
average value of 1.80 um. The molar concentration of HBA was also varied from
0.25 M to 2 M. It is observed that with increase in molar ratio from 0.25 to 1 M,
the contact angle hysteresis gradually decreases indicating that the water droplet
is easier to roll off from the surface. It is supported by the fact that with increase
in molar ratio of HBA the concentration of fluorine increases in the polymer
composition. The fluorine provides low surface energy on the substrate and hence
the adhesion of water droplet on the surface decreases, decreasing the CAH value.
When the molar ratio of HBA is further increases beyond 1 M, the CAH value almost

remain same around 4 to 5° indicating the concentration of 1 M reaches the
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optimum value in the polymer with further increase in the molar concentration no

more HBA gets incorporated in the polymer structure.

6.2.2.3 Contact angle hysteresis of PFA coatings on nanoparticle deposited

surface
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Figure 6-12. Variation of contact angle hysteresis of coating based on
polyfluoroacrylate emulsion containing 1:1:1 molar ratio of styrene, acrylic acid
and heptafluorobutyl acrylate on nanoparticle deposited aluminium substrates as
a function of average surface roughness.

Figure 6-12 shows variation of water contact angle hysteresis of aluminium
substrate coated with a composite coating of Cu-nanoparticles in polyfluoroacrylate
emulsion containing 1:1:1 molar ratio of styrene, acrylic acid and heptafluorobutyl
acrylate. The amount of nanoparticles varied and hence variation in surface
roughness is obtained. The surface roughness varies from 23 to 65 nm range unlike
the anodised and chemical etched samples in which case the surface roughness is
in ym range. In all the cases the average water contact angle hysteresis is below
10 ° indicating low wetting of the surface by incident water droplet. Since the
surface roughness is in nanometer range so it doesn't affect the wettability to a

significant amount. The average contact angle hysteresis value ranges between 4
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to 8 ° with lowest value of 4 © was obtained when the surface roughness was 53

nm.
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Figure 6-13. Variation of contact angle hysteresis of PFA based coating on
nanoparticle deposited aluminium substrates as a function of concentration of
heptafluorobutyl acrylate.

Similarly like surface roughness the fluorine content also do not have significant
effect on surface wettability as shown in Figure 6-13. The fluorine content varied
from 0.25 M to 2 M and corresponding water contact angle hysteresis value was
measured. Here also the average contact angle hysteresis value is below 10°
indicating lower wetting by the incident water droplet on the substrate surface.
The surface roughness in all these cases were ranged between 40 to 50 nm. The
lowest water contact hysteresis value of 5° obtained when the concentration of
fluorine was kept at 0.75 M. Both the above cases suggest that in the case of
nanoparticle deposited surfaces both surface roughness and concentration of

fluorine has insignificant effect on the wetting property of the surface.
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6.3 Characterization of icephobicity of the surface

To characterize the icephobicity of the substrate surfaces ice adhesion strength
analysis and de-icing energy evaluation have been performed. The details of the

experimental details and process parameters are given in section 3.9 and 3.10.

6.3.1 Ice adhesion strength analysis

6.3.1.1 Ice adhesion strength for anodised samples
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Figure 6-14. Variation of ice adhesion strength and shear force on anodised
aluminium surface coated with a PFA emulsion containing 1:1:1 molar ratio of
styrene, acrylic acid and heptafluorobutyl acrylate as a function of surface
roughness.

Ice adhesion strength on anodised aluminium surface coated with PFA emulsion
varies with surface roughness as shown in Figure 6-14. The PFA emulsion used
was containing 1:1:1 molar ratio of styrene acrylic acid and heptafluorobutyl
acrylate in all the cases. It is observed for anodised samples the ice adhesion
strength is above 10 KPa which is quite high with the lowest value obtained ~11
KPa when the surface roughness is around 2.25 um. The general trend is seen that

with increase in surface roughness the ice adhesion strength gradually increases
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with highest ice adhesion strength of 38 KPa was obtained when the surface
roughness was 6.5 um. The shear force also follows the same trend as ice adhesion
strength. Highest shear force of 11.85 N was obtained when surface roughness
was 6.5 ym. The conditions for the ice adhesion tests are discussed in chapter 3.
With the increase in surface roughness the size of the cavities on the surface
increases and when the water droplet freezes on the surface it anchors on the
surface with strong mechanical interlocking system and hence cannot be removed

easily from the surface hence lower higher ice adhesion strength.
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Figure 6-15. Variation of ice adhesion strength and shear force on anodised
aluminium surface coated with a PFA emulsion containing various concentrations
of fluorine and surface roughness ranging from 2 to 3.5 ym.

Figure 6-15 shows variation of ice adhesion strength and shear force on anodised
aluminium substrate coated with PFA emulsion containing 1:1 molar ratio of
styrene, acrylic acid and various molar ratio of heptafluorobutyl acrylate (HBA).
The concentration of HBA varied from 0.25 to 2 M. The surface roughness of the
aluminium surface ranged between 2 to 3.5 pym. The process of anodisation is

highly affected by temperature and very hard to control and hence the range of
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surface roughness obtained for same condition of anodisation is wide. Hence the
ice adhesion strength here also have some influence for surface roughness not only
concentration of fluorine. In all the cases the ice adhesion strength is lower than
16 KPa with lowest ice adhesion strength of ~ 7 KPa is obtained when the
concentration of fluorine is 0.75 M. The shear force follows the same trend as ice
adhesion strength as discussed in the previous case with highest shear force of 4.5
N was obtained when the concentration of fluorine was 1.5 M. The ice adhesion
strength or shear force doesn’t follow a proper trend with concentration of fluorine
as seen in Figure 6-15, as surface roughness also affects here as it is not uniform

throughout.

6.3.1.2 Ice adhesion strength for chemical etched samples
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Figure 6-16. Variation of ice adhesion strength and shear force on chemically
etched aluminium surface coated with a PFA emulsion containing 1:1:1 molar ratio
of styrene, acrylic acid and heptafluorobutyl acrylate as a function of surface
roughness.

For chemical etching process the process parameters can be controlled easily and
hence the range of surface roughness obtained is narrow. The surface roughness

ranges between 1.5 to 2.5 ym. The ice adhesion strength is below 16 KPa in all
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cases. When the surface roughness is in the range of 1.6 to 1.9 ym the average
ice adhesion strength below 10 KPa with lowest value of ~ 6 KPa is obtained when
the surface roughness is 1.8 pm. With increase in surface roughness beyond 1.9
pm the ice adhesion strength increases beyond 10 KPa which highest value of 15.8
KPa was obtained when surface roughness was ~ 2.2 ym. The shear force value
also lower as compared to anodised samples and increases as ice adhesion
strength increases. The lowest and highest shear force values obtained were 1.8

and 4.7 N respectively.
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Figure 6-17. Variation of ice adhesion strength and shear force on chemically

etched aluminium surface coated with a PFA emulsion containing various
concentrations of fluorine and surface roughness ranging from 1.8 to 1.85 pm.

For chemically etched aluminium substrates the surface roughness can be
controlled very easily and the surface roughness was maintained in the range of
1.8 to 1.85 pym. The concentration of fluorine varied between 0.25 to 2 M. The ice
adhesion strength and shear force shows a relatively lower value as compared to
anodised samples. The ice adhesion strength in all the cases is below 8 KPa with

lowest value of 5.8 KPa is obtained when the concentration of fluorine is 0.75 M.
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The average ice adhesion strength value ranges between 5.8 to 7.5 KPa hence it
can be concluded that the ice adhesion strength doesn’t alter massively as a result
of change in fluorine content in the PFA emulsion. The average shear force is also

below 2.2 N, the shear force value ranges between 1.65 to 2.2 N.

6.3.1.3 Ice adhesion strength for nanoparticle deposited samples
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Figure 6-18. Variation of ice adhesion strength on Cu-nanopaticle deposited
aluminium surface coated with a PFA emulsion containing 1:1:1 molar ratio of

styrene, acrylic acid and heptafluorobutyl acrylate as a function of surface
roughness.

Figure 6-18 shows variation of ice adhesion strength on aluminium surface coated
with a PFA emulsion containing 1:1:1 molar ratio of styrene, acrylic acid and
heptafluorobutyl acrylate and various concentration of Cu-nanoparticles. Due to
the various concentration of Cu-nanoparticles the average surface roughness
varies from 20 to 70 nm. The ice adhesion strength is below 10 KPa in most of the
cases except when the surface roughness was below 25 nm the ice adhesion
strength beyond 10 KPa. Lowest value of 6 KPa for ice adhesion strength is
obtained when surface roughness is 40 nm. The average ice adhesion strength is

lower than anodised or chemically etched substrates. The surface roughness value
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does not alter the ice adhesion strength significantly for Cu-nanoparticle deposited

aluminium substrates as the surface roughness is very low (nanometer range).
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Figure 6-19. Variation of ice adhesion strength on Cu-nanoparticle deposited
aluminium surface coated with a PFA emulsion containing various concentrations
of fluorine and surface roughness ranging from 40-45 nm.

Similarly like surface roughness fluorine content in the PFA emulsion has least
effect on the ice adhesion strength for Cu-particle deposited aluminium substrates
as shown in Figure 6-19. The concentration of fluorine varied from 0.25 M to 2 M.
The average ice adhesion strength in all the cases is below 9 KPa. The surface
roughness is also maintained between 40 to 45 nm. Initially when the
concentration of fluorine is 0.25 M the ice adhesion strength is above 8 KPa , with
the increase in concentration of the fluorine to 0.5 to 0.75 M the ice adhesion
strength gradually decreases to 7.5 to 7 KPa. The ice adhesion strength reaches a
minimum of 6.5 KPa when the concentration of fluorine reaches to 1 M. When the
concentration of fluorine is further increased the ice adhesion strength does not

alter significantly.
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6.3.2 De-icing energy evaluation

6.3.2.1 De-icing test for anodised samples
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Figure 6-20. Variation of de-icing time for anodised aluminium substrates coated
with a PFA emulsion containing 1:1:1 molar ratio of styrene, acrylic acid and
heptafluorobutyl acrylate as a function of surface roughness.

Figure 6-20 shows variation of de-icing time on anodised aluminium substrate as
a function of surface roughness. All the samples were coated with the same PFA
emulsion containing 1:1:1 molar ratio of styrene, acrylic acid and heptafluorobutyl
acrylate. The specifications of the de-icing tests are given in section 3.10. The
average de-icing time of uncoated and untreated aluminium substrate was 245 s
and that is taken as reference to compare reduction in de-icing time. For anodised
aluminium samples the surface roughness varies to large extend 1.4 to 6.6 pm
and hard to control. It is observed at lower surface roughness the de-icing time
reduced to 170 s, with the increase in surface roughness the de-icing time
gradually increases but remains below 200 s . When the surface roughness goes
beyond 6 pm the de-icing time increases drastically beyond 200 and becomes
almost comparable to that of uncoated aluminium of 240 s. This supports the

theory that with high surface roughness the cavities become large and when water
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molecule freezes it anchors in those cavities and hence hard to remove from the

surface.
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Figure 6-21. Variation of de-icing time for anodised aluminium substrates coated
with a PFA emulsion containing 1:1 molar ratio of styrene, acrylic acid and various

concentrations of heptafluorobutyl acrylate with surface roughness ranging from
1.6 to 1.85 pym.

All the aluminium samples under same anodising conditions and the surface
roughness ranges between 1.6 to 1.85 pym. The concentration of fluorine was
varied between 0.25 to 2 M and corresponding de-icing time was measured as
shown in Figure 6-21. Initially when the concentration of fluorine is 0.25 M the de-
icing time was ~ 200 s, with further increase in concentration of fluorine to 0.5 M
the de-icing time decreases to 170 s . It remains almost constant with any further
increase in concentration of fluorine. In all these cases the surface roughness also
plays an important role for the de-icing time as the surface roughness range is

quite high, so sole effect of concentration of fluorine is difficult to be evaluated.
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6.3.2.2 De-icing test for chemically etched samples
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Figure 6-22. Variation of de-icing time for chemically etched aluminium substrates

coated with a PFA emulsion containing 1:1:1 molar ratio of styrene, acrylic acid
and heptafluorobutyl acrylate as a function of surface roughness.

Figure 6-22 shows variation of de-icing time for chemically etched aluminium
substrates as a function of surface roughness. The surface roughness ranges from
1.6 um to 2.3 ym, the de-icing time also ranges between 130 to 160 s. When
surface roughness is in the range of 1.6 to 1.9 ym the de-icing time ranges
between 130 to 140 s, with further increase in surface roughness the de-icing time
gradually increases. The highest of 159 s of de-icing time obtained when surface
roughness is 2.2 ym. In all the cases PFA emulsion is used containing 1:1:1 molar

ratio of styrene, acrylic acid and heptafluorobutyl acrylate.
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Figure 6-23. Variation of de-icing time for chemically etched substrates coated with
a PFA emulsion containing 1:1 molar ratio of styrene, acrylic acid and various

concentrations of heptafluorobutyl acrylate with surface roughness ranging from
1.6to 1.7 ym.

PFA emulsions with different molar concentration of fluorine concentration were
deposited on the chemically etched aluminium substrate and the variation of de-
icing time was observed. The surface roughness was maintained between 1.6 to
1.7 ym. The molar concentration of fluorine was varied between 0.25to 2 M. It is
observed that concentration of fluorine has no drastic effect on the de-icing time.
In all the cases the de-icing time ranges between 130 to 150 s. With lower
concentration of fluorine at 0.25 M the de-icing time is higher and with further
increase in concentration of fluorine the de-icing time slightly decreases as shown
in Figure 6-23. When the molar concentration of fluorine reaches to 1 M the de-
icing time becomes ~ 140 s and almost remains constant with further increase in

fluorine content.
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6.3.2.3 De-icing test for nanoparticle deposited samples
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Figure 6-24. Variation of de-icing time for nanoparticle deposited aluminium
substrates coated with a PFA emulsion containing 1:1:1 molar ratio of styrene,
acrylic acid and heptafluorobutyl acrylate as a function of surface roughness.

Aluminium substrate surface with spin coated with a composite coating of PFA
emulsion with different amount of Cu -nanoparticles to get various surface
roughness. The de-icing time was measured and plotted against surface roughness
as shown in Figure 6-24 .The surface roughness is in nanometer range as
compared to micrometer range for anodised and chemical etched substrates. The
surface roughness ranges between 20 to 70 nm. The de-icing time is also much
lower as compared to anodised and chemically etched coated substrates. The de-
icing time varies between 135 to 110 s. It is evident that with the increase in
surface roughness the de-icing time gradually decreases. The increase in surface
roughness is directly proportional to the Cu-nanoparticle content in the coating and
the Cu-nanoparticles are conductive and can conduct electricity as heat through

the coating making removal of ice easier and hence reduction in de-icing time.
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Figure 6-25. Variation of de-icing time for nanoparticle deposited samples coated
with a PFA emulsion containing 1:1 molar ratio of styrene, acrylic acid and various
concentrations of heptafluorobutyl acrylate with surface roughness ranging 40 to
50 nm.

Figure 6-25 shows variation of de-icing time on nanoparticle deposited aluminium
substrate as a function of fluorine content in the PFA emulsion. The surface
roughness was maintained between 40 to 50 nm. The concentration of fluorine
varied between 0.25 to 2 M. The concentration of styrene and acrylic acid is
maintained constant at 1:1. Initially when the concentration of fluorine is 0.25 M
the de-icing time was relatively high 138 s, with increase in fluorine content the
de-icing time gradually increases indicating lower ice adhesion strength. When the
fluorine content reaches to 1 M the de-icing time becomes 118 s and almost

remains constant with further increase in fluorine content in the PFA emulsion.
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6.4 Discussion

6.4.1 Effect of different coating process

For the deposition of the polymer three different coating methods were used
including spin coating, dip coating and spray coating. The details of the coating
processes are given in section 3.4.2. A polyfluoroacrylate emulsion containing
1:1:1 molar ratio of styrene, acrylic acid and heptafluorobutyl acrylate was
deposited separately on chemically etched aluminium substrates with a surface
roughness in the range of 1.7 to 1.9 um by all three above mentioned methods.
The curing temperature, the rate of heating during the curing process and the

curing duration all were kept same for all the processes.

The water contact angle (WCA) and contact angle hysteresis (CAH) were measured
to compare the surface hydrophobicity. The erosion resistance of the coating and

coating adhesion strength were also compared for different coating processes.
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Figure 6-26. Compared between spin, dip and spray coated aluminium substrates
(a) static water contact angle and contact angle hysteresis measurement and (b)
contact angle before and after water impinging test and loss in weight for the

polymer coating.

Figure 6-26 (a) and (b) shows the comparison of hydrophobicity and erosion

resistance of aluminium substrates coated by polyfluoroacrylate emulsion
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containing 1:1:1 molar ratio of styrene, acrylic acid and heptafluorobutyl acrylic
acid by three different coating methods spin, dip and spray. The average surface
roughness of the aluminium substrates ranges between 1.7 to 1.8 pm. The surface
hydrophobicity for all the surfaces are almost same and average static water
contact angle (WCA) is above 140° as shown in Figure 6-26 (a). The contact angle
hysteresis (CAH) measurement shows the value is almost same for spray and spin
coating process 7-8° but the CAH value is slightly higher for dip coated substrate
~11° indicating the water droplet has higher adhesion strength on the dip coated

aluminium substrate.

After water impinging tests the WCA values are measured along with change in
weight of the coating. It is observed that the surface remains hydrophobic although
the WCA decreases in each case after the impinging test. In the case of dip coated
aluminium the WCA decreases from 141.73 to 129.63°, for the spin and spray
coated substrates the WCA decreases from 141.67 to 133.13° and 140.83 to
132.7° respectively. The loss in weight of the coating is 332 mg which is much
higher for dip coated coating sample while weight loss for spin and spray coated
coating sample are 25 and 63 mg only. So for dip coating the erosion resistance is

not as high as the other two kinds of coatings as loss in weight is higher.

6.4.2 Comparison of hydrophobicity of different surfaces

Surface hydrophobicity is evaluated using static water contact angle (WCA) and
contact angle hysteresis (CAH) measurement. The influence of surface roughness
and content of fluorine on the surface hydrophobicity is shown in section 6.2. It is
observed that both the components influences the surface hydrophobicity as well
as adhesion strength of the water droplet on the substrate surface. In the case of
anodised substrates the surface roughness value ranges from 1.5 to 7 um while
that for chemical etching varies between 1 to 3 ym depending on anodisation and

etching conditions. When the surface roughness is beyond 3 ym the contact angle
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drastically drops and hence not included in the comparison studies. In both cases
concentration of fluorine has no substantial effect on WCA when the molar ratio of

heptafluorobutyl acrylate goes beyond 3 so that the molar ratio is kept at 1.
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Figure 6-27. Comparison of static water contact angle for anodised and chemically
etched aluminium substrates (a) with variation of surface roughness and (b) with
variation of concentration of fluorine in the deposited PFA emulsion.

Figure 6-27 (a) shows the comparison of static water contact angle value for

anodised and chemical etched modified surfaces with a surface roughness ranging
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between 0 to 4 um and coated with a polyfluoroacrylate emulsion containing 1:1:1
molar ratio of styrene, acrylic acid and heptafluorobutyl acrylate. It is observed
that average water contact angle is higher for chemically etched aluminium
substartes as compared to anodised substrates for similar surface roughness. The
surface roughness for chemically etched samples ranges between 1 to 2.8 um
while average surface roughness for anodised samples are higher and ranges
between 1.6 to 3.7 ym. The surface roughness for etched samples are relatively
uniform and hence the water contact angles are relatively higher. For anodisied
samples the cavities are larger and surface roughness is not uniform throughout
and hence the water droplets and get into the cavities decreasing the water contact
angle. Similarly when the concentration of fluorine increased from 0.25 Mto 2 M
in the PFA emulsion the water contact angle gradually increases until reaches 1 M
concentration and then becomes almost constant with further increase in fluorine
content as shown in Figure 6-27 (b). As before for the same concentration of
fluorine in the PFA emulsion the water contact angle is slightly higher for the etched
samples as the surface is uniform and average surface roughness is slightly lower

than the anodised samples.
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Figure 6-28. Comparison of water contact angle hysteresis for anodised and
chemical etched aluminium substrates (a) with variation of surface roughness and
(b) with variation of concentration of fluorine in the deposited PFA emulsion.
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Figure 6-28 (a) and (b) shows comparison of contact angle hysteresis of anodised
and chemically etched samples as variation of surface roughness and concentration
of fluorine in the PFA emulsion. The surface roughness range varies from 1 to 3
pm for etched samples and goes upto 7 um for anodised sample. It is clear that
the average CAH is lower for etched sample than anodised samples for same
surface roughness. As described for the variation of water contact angle, anodised
sample surfaces are not totally uniform throughout and cavities are bigger in size
and hence water droplet goes inside the cavities and hard to remove so higher
CAH. This is also consistent with the fact that for anodised samples when the
surface roughness is high ~ 6.5 ym the CAH value reaches to 35° indicating the
water droplet anchors to the surface cavities as shown in Figure 6-28 (a). When
the concentration of fluorine in the PFA emulsion was changed and deposited on
the anodised and etched substarte surface the CAH value also varies. For anodised
samples the roughness value ranged between 1.75 to 2 ym and that for etched
samples ranged between 1.8-1.9 pm. The CAH for etched samples are below 10°
indicating that water droplet can easily be removed from the surface, the CAH
value for anodised samples higher than 10° but below 16°. Though the average
CAH value of anodised samples are higher than etched samples but still the
droplets can relatively easy to remove. In both the cases low value of CAH is
obtained when the concentration of fluorine in PFA emulsion is 1 M. beyond 1 M

concentration the CAH value almost remains same.
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6.4.3 Comparison of icephobicity of different surfaces
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Figure 6-29. Comparison of Ice adhesion strength for anodised and chemically

etched aluminium substrates (a) with variation in surface roughness and (b)
with variation in fluorine content in the PFA emulsion.

Figure 6-29 (a) shows the comparison of ice adhesion strength of anodised and

chemically etched samples with surface roughness. The PFA emulsion was kept
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same in all the cases containing 1:1:1 molar ratio of styrene, acrylic acid and
heptafluorobutyl acrylate. The surface roughness of anodised samples ranges from
1.5 to 7 ym with slight alteration of anodising conditions, so its crucial to maintain
precise anodising conditions. Alternatively the surface roughness for etched
samples are in the range of 1.5 to 2.2 uym with different etching conditions and
much easier to control. It is noticed that for same surface roughness below 2 pm
the ice adhesion strength of etched samples are lower than the anodised samples
and below 10 KPa. As discussed in the previous cases for anodised samples the
surface roughness is not uniform throughout For anodised samples the ice
adhesion strength value is always above 10 KPa which increases gradually with
increase in surface roughness indicating that the ice is anchoring inside the large
cavities of the anodised sample surface hence harder to remove from the surface
and greater ice adhesion strength. Effect on concentration of fluorine in the PFA
emulsion also effects the ice adhesion strength as shown in Figure 6-29 (b). The
concentration of fluorine varied between 0.25 to 2.5 M, the ice adhesion strength
for chemically etched samples ranges between 6 to 8 KPa and that for anodised
samples varied between 7 to 16 KPa. The surface roughness range for anodised
samples is broad 1.6 to 1.8 pm resulting broad range in ice adhesion strength as
well. The surface roughness for chemically etched samples ranges between 1.5 to
1.6 um. As ice adhesion strength dependent on both surface roughness and surface
energy thus a wide range of values obtained. But overall the ice adhesion strength
value for anodised samples is higher than etched samples due to the fact that in

the later the surface is more uniform than the former.
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Figure 6-30. Comparison of de-icing time for anodised and chemically etched
aluminium substrates
variation in fluorine content in the PFA emulsion.

(a) with variation in surface roughness and (b) with

Figure 6-30 (a) and (b) shows the variation of de-icing times for anodised and

chemically etched samples with variation of surface roughness and fluorine content

in the PFA emulsion respectively. The surface roughness for anodised samples

ranges between 1.5 to 7 pym and that for chemically etched samples ranges
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between 1.5 to 2.2 ym. The de-icing time for pure aluminium samples without any
coating or surface treatment was found at 240 s. At lower surface roughness both
for the anodised substrates and chemically etched surface the de-icing time
decreased significantly. For the same surface roughness the de-icing time for
chemically etched samples are still lower 130 to 160 s as compared to anodised
samples 170 -180 s. For chemically etched samples the average decrease in de-
icing time is ~38 % while that for anodised samples is ~ 27 % at low surface
range. For anodised samples with the increase in surface roughness the de-icing
time gradually increases as shown in Figure 6-30 (a) and when the surface
roughness goes in the range of 6.5 to 7 yum the de-icing time becomes comparable
to that of uncoated and untreated substarte. At high surface roughness the cavities
on the surface become large and the ice can mechanically interlock inside the
cavities required high energy and time to remove the ice. The concentration of
fluorine in the PFA emulsion has minimal effect on de-icing time for chemically
etched samples with the de-icing time ranging between 135 to 150 s as shown in
Figure 6-30 (b). For anodised samples the de-icing time initially decreases from
200 to 180 s when the concentration of fluorine in PFA emulsion increases from
0.25 M to 0.5 M, after that the de-icing time almost becomes constant ranging
between 170 to 180 s. During the de-icing experiment electricity was passed
through the substrate which in turn produces heat and thus the ice detaches from
the surface. In case of all the coated samples a very thin layer of PFA emulsion
was deposited on the surface and thus doesn’t effect the thermal conduction of the

substrates, so the fluorine content has insignificant effect on the de-icing time.

6.5 Summary

Water contact angle and contact angle hysteresis measurements were performed
to determine the hydrophobicity of the coating surface. Ice adhesion test and de-

icing time test were carried out to study the icephobicity of the surface. Three
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different processes spin, spray and dip coating were used to coat the samples and
corresponding results were compared. The hydrophobity and icephobicity were

also compared for anodised and chemically etched surfaces.

Samples coated with spin coating , dip coating and spray coating processes shows
almost similar water contact angle (WCA) but for dip coating process the contact
angle hysteresis value is a bit higher than other two processes indicating more
adhesion of water on the substrate surface. The water contact angle results after
the water impinging test also shows greater decrease in WCA value than the other
two processes. Due to the simplicity and feasibility spin coating process was used
for further samples. For dip coating process, the substrates were dipped in the PFA
emulsion mixture and dried, and the process was continued for 3 times, so the
successive polymer layers were not directly attached to the substrate rather than
the previous polymer layer and hence could be removed easily. The coating

thickness is in the range of 1-2 um in each case.

As described before the WCA value is highly dependent on surface roughness as
well as surface energy. Since in all the cases thin PFA polymer coating is used
hence the surface energy is same, the only variation is for surface roughness and
hence different WCA and CAH values. The PFA emulsion was of low surface energy
and hence high water contact angle values were obtained. Comparison of coatings
on anodised and chemical etched surface shows lower WCA and higher CAH for
etched samples as compared to anodised samples. For anodised samples, the
coating surface roughness is not uniform throughout, at some places it has large
cavities and hence the water molecules have more interaction on the substrate
surface. Also the average coating surface roughness on etched surface is low as
compared to that on anodised surface, hence less tendency for water to go inside
the cavities. For chemically etched samples, the coating surface roughness is

uniform throughout and hence higher WCA and lower CAH are obtained as
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compared to anodised samples. Nanoaprticle deposited substrates show higher
WCA and low CAH as compared to both anodised and chemically etched surface.
For nanoparticle deposited surface the surface roughness is in nanometer range
unlike anodised and etched surface where the surface roughness is in micrometer

range hence no large cavities for water to deposit.

Ice adhesion strength of the PFA coatings shows that anodised samples have the
highest ice adhesion strength while nanoparticle deposited samples have the least.
Due to high surface roughness value of the anodised substrate surface the ice can
get attached to the surface cavities and get attached strongly by mechanical
interlocking. The process is less for chemically etched process since not many large
cavities are present and almost absent for nanoparticle deposited samples since
the surface roughness is in the nanometer range. Again the de-icing time is also
the lowest for nanoparticle deposited surface, due to the presence of Cu-
nanoparticles which facilitates the thermal conduction through the coating layer,

and thus reducing the de-icing time significantly offering better energy efficiency.
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7 Conclusions

The research work in this project is primarily focused on (i) synthesis of a low
surface energy polymer by a simple one-step polymerisation method with low
curing temeparature, (ii) producing micro/nanoscale surface roughness on
aluminium substrate, (iii) depositing the low surface energy polymer on the

modified aluminium surface for hydrophobic and icephobic applications.

Styrene based low surface energy polymer was synthesized by a one-step
polymerisation method. Acrylic acid and hepatfluorobutylacrylate were used with
styerene as monomer units. The detailed study of the synthesis mechanism shows
that the synthesis goes via random radical polymerization. The number of
monomer units in a polymer chain cannot be precisely predicted. NMR and FTIR
study confirms the inclusion of each monomer unit in the polymer chain. The curing
temperature of the synthesized PFA emulsion was found around 80 °C. TGA and
DSC analysis indicates the thermal stability of the polymer upto 300 °C. The
average surface energy of the PFA emulsion was 19 N/m while that of
conventionally used PTFE is 21 N/m, so slightly lower surface energy obtained.
Tensile test was used to measure the ultimate tensile strength of the PFA polymer
and it was found to be comparable to that of PTFE and that is ~ 35 MPa. The
polymer was found to be thermoset in nature and hence once cured cannot be

melted again.

Anodisation, chemical etching and Cu-nanoparticle deposition processes were used
to obtain micro and nanoscale surface morphology on the aluminium surface. For
anodisation and chemical etching, microscale surface roughness was obtained, and
nanoscale surface roughness observed on Cu-nanoparticle deposited surface. For
the anodisation process, temperature plays an important role on surface roughness
and hence the range of surface roughness was quite broad (0-7 pm). When the

anodisation temperature was controlled below 10 °C, the surface roughness
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maintained below 2 um. For chemical etching process, the process parameters also
plays a key role and the average surface roughnes was below 2 um. The Cu-
nanoparticle deposition produces nanoscale surface roughness, and the roughness
value averages between 20-50 nm, depending on the concentration of the Cu-
nanoparticles. The SEM images show that the most uniform surface morphology
was obtained on the chemically etched aluminium surfaces. For anodised samples,
due to the variation of current density and temperature, the surface roughness is
not uniform. The Cu-nanoparcticle deposited surfaces seem to have the most non
uniform surface morphology, as the Cu-nanoparticles tend to aggromelate in the
solution. The effect of temperature, current and time on surface morphology and
surface roughness were observed and compared for anodising process. The effect
of concentration of etching solution, etching time and temperature was also studied
for chemically etched substrates. For nanoparticle deposited surfaces, the effect of
concentration of nanoparticles and curing temperature was determined. The PFA
coatings were deposited on the substrate surface by spin coating method and the
final surface roughness was also evaluated. Erosion resistance of the coating was
investigated via water impinging test and it was observed that nanoparticle
deposited surfaces has the lowest erosion resistance due to the poor adhesion of

the nanparticles on the substrate surface.

Finally, the hydrophobicity of the substrate surface was studied using water contact
angle and icephobicity of the surface was evaluated by ice adhesion test. De-icing
time value on the coating surface was studied via thermal de-icing method which
determined the energy efficieny of the coating as compared to uncoated surface.
It was observed that the hydrophobicity was quite consistent on chemically etched
and Cu-nanoparticle deposited surfaces. For the anodised coated samples, the
surface hydrophobicity varied due to the variation of the surface roughness. With
increase in surface roughness the hydrophobicity decreases gradually as the water

molecules may go inside the large cavities on the surface, increasing the contact
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area of the water droplet on the surface. For the same reason, anodised samples
showed higher ice adhesion strength as compared to the etched and nanoparticle
deposited surfaces. The water droplet reached inside the cavities and freezed thus
anchoring on the substrate surface by mechanical interlocking. Hence it was hard
to remove the ice from the substrate surface and higher ice adhesion strength
occured. For Cu-nanoparticle deposited and chemically etched surface, since the
surface roughness was not as high as the anodised surfaces, lower ice adhesion
strength was obtained. Average ice adhesion strength for chemically etched and
Cu-nanoparticle deposited surfaces were below 10 KPa. Thermal de-icing test
showed high energy efficiency for Cu-nanoparticle deposited coatings as compared
to those for the anodised and etched surfaces. As the anodised and etched surfaces
are not conductive hence higher energy (heat) required to remove the ice from the
substrate surface and hence lower efficiency. Due to incorporation of Cu-
nanoparticles in the coating, the thermal conductivity of the coating increases,

lowering the de-icing time and increasing energy efficiency.

The thin film PFA coating can potentially be used for aerospace and turbine
industries, where icing problems are great challenges. The synthesised PFA coating
has significant lower processing temperature (80 °C) as compared to commercially
available PTFE ( 400 °C). The ice adhesion strength of the synthesised polymer is
comparable to that of PTFE . The polymer can also be used for high temperature
application upto (300 °C). The performance of the polymer coatings can be
enhanced by tailoring the proper surface morphology. Incoporation of nanoparticle

can significantly reduce the de-icing time and provide better energy efficiency.

The future work related to the main theme of this project aims to further enhance
the icephobicity, hydrophobicity and durability of the coating. Durability of the
coating may be enhanced by increasing the adhesion of the coating on the

substrate surface. It is evident from this study that PFA coating on Cu-nanoparticle
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deposited substrate may potentially be used as icephobic coating as it can
potentially decrease the ice adhesion strength, and also the energy efficiency for
de-icing process increases substantially as compared to uncoated substrates. The
only drawback is that the coating adhesion strength is not enough as it can easily
be damaged during water impinging test. The adhesion of the Cu-nanoparticle can
be increased by incorporating a primer layer, and modifying the synthesised
polymer. More test required to evaluate the erosion resistance of the coating with
certain icing and de-icing cycles. Also the coating can be incorporated with self-
healing property, which can significantly increase the lifecycle of the coating and

its application for aircraft and other infrastructure applications.
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