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Abstract
Unwanted ice formation on surfaces is commonplace in technology, causing
economic loss and may lead to catastrophic events. One of the methods to
suppress ice formation relies on rationally designed superhydrophobic
surfaces. To date, the best performing design of superhydrophobic surfaces,
inspired by the natural hierarchical morphology of lotus leaves, requires a
combination of micro- and nano-texture and low energy surface chemistry.
Such hierarchical superhydrophobic surfaces have not only presented
exceptional hydrophobic abilities but also the ability to battle ice formation in
terms of reduction of ice adhesion strength and delaying ice formation. The
hydrophobic and icephobic capabilities of the surfaces can be further
augmented, for instance by choosing surface materials with certain
mechanical and thermal properties. As a result, considerable effort has been
put into developing texturing methods on various materials, in particular on
metallic surfaces.

In this study, aluminium has been chosen as the working material. Then, by
employing a combination of sustainable and scalable processes, aluminium
surfaces were textured with micro- and nano-features. Afterwards, the textured
surfaces were functionalized with low surface free energy molecules.
Conventionally, despite being harmful, the functionalization is performed with
fluorinated molecules because of their superior properties. Therefore, with
sustainability in mind, in this work, the functionalization was performed with
fluorine-free molecules. However, in addition to the conventional molecules,
the study shows how the stiffness of the molecule chains can be altered and
how the molecules can be applied on textured aluminium surfaces. Thereafter,
the hydrophobic and icephobic performance of the environmentally friendly
surfaces functionalized with flexible and stiff molecules is thoroughly examined
and compared to similar textured surfaces functionalized with conventional
fluorinated molecules. The outcomes show that in many cases, the
performance of the surfaces functionalized with non-fluorinated and fluorinated
molecules is comparable.
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Impact Statement
This study aimed to design and fabricate surfaces for aviation applications to
passively delay ice formation in cold and harsh environments. The findings of
this work have the potential to contribute to research and development both in
industry and academia, in the fields of surface-, electrochemical- and energy
engineering.

In this work, the fabrication of the icephobic surfaces relied on the combination
of surface texturing of aluminium and functionalization with low surface free
energy molecules. The reason for choosing aluminium was its increasing use
in various technologies. Despite the advances in recent years, the texturing
procedure, which is widely used both in academia and industry, is still
conducted in volatile and toxic chemicals. Therefore, to make the process
sustainable and safe, an alternative procedure which is carried out in benign
and environmentally friendly chemicals was developed. In the academic
context, the contribution of such a process is that it does not require handling
of any harsh chemicals allowing anyone to employ the process safely making
it possible even for nonspecialized labs to fabricate surfaces for their needs.
In addition, since handling harmful and toxic chemicals is often financially
penalized, such an eco-friendly fabrication method can have a positive impact
in the industry as well.

After being fabricated, the wettability of the surfaces was examined under
static and dynamic conditions. Under static conditions, all surfaces were
superhydrophobic (advancing and receding contact angles exceeding 150°).
However, under dynamic conditions, this was not the case. Specifically, this
study shows that the ability to repel incoming droplets and jets is the product
of both surface texture and mechanical properties of low surface free energy
molecules. Subsequently, after an optimization process, metallic surfaces that
can repel water jet impacts with velocities above 20 m/s were fabricated.
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In addition, in terms of looking at alternative ways to improve surface
icephobicity, this work presents an innovative idea of functionalizing surfaces
with (low surface free energy) molecules that have mobile chains. The
outcome showed that mobile chains can substantially reduce the adhesion
strength of ice. This concept can open a new avenue of investigation towards
fabricating better icephobic surfaces.

Moreover, the setups built for this work, namely anodization and the cooling
chambers, and the established methodologies have already been used by
other researches and collaborators. For instance, a few researchers have
been fabricating porous aluminium surfaces and looking at its ability to remain
cool even when exposed to direct sunlight. Besides, this thesis has assisted in
obtaining funding and hiring three additional post-doctoral researchers.

To date, the findings of this study have been disseminated through peerreviewed papers, book chapter and national and international conferences:
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International conferences
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International Heat Transfer Conference (IHTC 16), Beijing, China, 10-15 April
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pore diameter

𝐷𝑆

m

syringe diameter

𝑑

m

droplet diameter

𝐸

Pa

Young’s modulus

𝐸∗

Pa

apparent bulk Young’s modulus

𝐸𝑑𝑖𝑓𝑓

J

𝐸̇𝑑𝑖𝑠𝑠

W

constant accounting for the airflow velocity

diffusivity of water vapor in air

diffusion activation energy of a water molecule needed to
cross the water–ice interface
viscous dissipation
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𝐸𝑘

J

kinetic energy

𝑒

−

coefficient of restitution

𝐹𝐶

N

capillary force

𝐹𝐷

N

drag

𝐹𝑟

−

Froude number

𝑓

−

𝑓𝑏

Hz

natural frequency

𝐺

Pa

shear modulus

𝐺

J

𝐺𝑠

J/m2

surface free energy

𝐺𝑣

J/m3

volumetric free energy

𝐻

J

𝐻𝑣

J/m3

ℎ

W/m2 K

heat-transfer coefficient

ℎ

m

thickness of the ice layer

𝐼

W/m2

wave intensity

𝐽

ice germs/m3 s

nucleation rate

𝐽𝑐

molecules/m2 s

condensation rate

𝐽𝑒

molecules/m2 s

evaporation rate

𝐾

molecules/m2 s

kinetic prefactor

𝑘𝑤

W⁄mK

thermal conductivity of water

𝐿

kJ/kg

latent heat (of fusion)

𝐿

m

𝑙

m

reduction factor (wetting factor) for heterogeneous
nucleation

free energy barrier for nucleation at the ice-water interface

enthalpy
volumetric enthalpy

length of the interface parallel to the direction of the
applied force
height of a droplet
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𝑙𝑐

m

𝑀

g/mol

𝑚

kg

𝑛

molecules/m2

𝑂ℎ

−

Ohnesorge number

𝑃𝐶

Pa

capillary pressure

𝑝

Pa

pressure

𝑅𝑎

m

radius of curvature of the roughness

𝑅𝑒

−

Reynolds number

𝑟

−

roughness factor

𝑟

m

radius of an ice nucleus

𝑆𝑡

−

Stokes number

𝑇

K

temperature

𝑇𝑚

K

melting temperature of ice at 1 atm

𝑇𝑁

K

nucleation temperature

𝑡

m

thickness

𝑡𝑏

m

barrier layer thickness

𝑡𝑤

m

pore wall thickness

𝑉𝑚

m3 /mol

𝑣

m/s

velocity

𝑊𝐴

J/m2

work of adhesion

capillary length
molecular weight
mass
density of water molecules

molar volume of the liquid

Greek Symbols
𝛼

°

angle of tilt

𝛽

−

spreading factor
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Γ

J/m2

interfacial toughness

𝛾

J/m2

surface free energy

𝛿

m2 /s

evaporation rate parameter

𝜈

m2 /s

kinematic viscosity

𝜁

m

decay length

𝜃

°

apparent contact angle

𝜃𝑌

°

Young’s contact angle (on a smooth surface)

𝜃∗

°

Wenzel contact angle

𝜇

Pa ⋅ s

𝜉

s

𝜌

kg/m3

𝜏

s

freezing delay time

𝜏

Pa

stress

𝜏̂

Pa

shear strength of an interface

𝛷

−

droplet-substrate contact area fraction

𝜙

−

solid fraction

dynamic viscosity
contact time
density

Subscripts
𝐴𝑑𝑣

advancing

𝑎𝑚𝑏

ambient

𝑎𝑣𝑔

average

𝑐𝑟

critical

𝑒𝑓𝑓

effective

𝑒𝑞

equilibrium

ℎ𝑒𝑡

heterogeneous
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ℎ𝑜𝑚

homogeneous

𝑖𝑎

ice-air

𝑖𝑙

ice-liquid

𝑖𝑛

internal

𝑖𝑠

ice-solid

𝑙𝑎

liquid-air

𝑙𝑖𝑞

liquid

𝑙𝑠

liquid-solid

𝑛𝑜𝑧

nozzle

𝑅𝑒𝑐

receding

𝑠𝑎𝑡

saturated

𝑠𝑎

solid-air

𝑠𝑢𝑟

surface

𝑠𝑤

substrate-water

𝑠𝑦𝑟

syringe

𝑡ℎ

threshold

𝑣𝑎𝑝
𝑤

vapour
water

Universal Constants
𝑐𝑎𝑖𝑟

𝑚 ⁄𝑠

speed of sound in air (𝑐𝑎𝑖𝑟 = 346)

𝑐𝑤

𝑚 ⁄𝑠

speed of sound in water (𝑐𝑤 = 1498)

𝑔

𝑚 ⁄𝑠 2

gravitational acceleration (𝑔 = 9.81)

ℎ

𝐽⋅𝑠

Planck constant (ℎ = 6.63 ⋅ 10−34 )

𝑘𝐵

𝐽 ⁄𝐾

Boltzmann constant (𝑘𝐵 = 1.38 ⋅ 10−23 )
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𝑅

𝐽⁄(𝑚𝑜𝑙 ⋅ 𝐾 )

universal gas constant (𝑅 = 8.314)

Molecular formulas
Al

aluminium

Al2 O3

aluminium oxide (alumina)

C6 H14

hexane

C10 H4 Cl3 F17 Si
C2 O4
H2 C2 O4
HCl

1H,1H,2H,2H-Perfluorodecyltrichlorosilane
oxalate
oxalic acid
hydrochloric acid

HClO4

perchloric acid

HNO3

nitric acid

H3 PO4

phosphoric acid

H2 SO4

sulfuric acid

Na2 CO3

sodium carbonate

NaOH

Sodium hydroxide

Na3 PO4

trisodium phosphate

PdCl2

palladium (II) chloride

Pt

platinum
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1 Introduction
1.1 Motivation
Ice formation on infrastructure, such as buildings, bridges, wind turbines, is a
common sight and may lead to economic loss or even catastrophic events.
Excessive ice accumulation on vehicles may cause structural failures,
accelerate erosion, reduce smooth air-flow and change their centres of gravity
[1]. There are innumerable examples where ice accumulation leads to fatal
consequences, for instance, merchant vessels “F/V Vestfjord” and “Lady of Grace”
keeled over due to the shift in their centres of gravity, causing them to sink [2].
Icing on aeroplane wings distorts the airflow, reducing the wing’s lift so that planes
may even stall at higher speeds and/or lower attack angles, as happened in March
1992, in Flushing, New York, USA [1]. Therefore, to ensure safety and enhance
the longevity of engineering structures in cold environments, ice accretion must
be avoided.

There are different methods to tackle ice formation which can be classified into
four main categories. The mechanical approach, such as inflatable de-icing
boots, usually relies on moving or vibrating surfaces to crack the accumulated
ice so it can be blown away by airflow. Thermal methods rely on various
approaches (thermal coatings, electric heaters, etc.) which make sure that the
temperature of the required surfaces stays high enough so that no ice is
formed. For instance, the bleed-air system takes compressed air from the
compressor stage of the aeroplane turbine and runs the hot air along the wings
and hull [1,3]. The limitations of the mechanical and thermal methods are that
they require complicated designs and an active power input making them
energy inefficient. Another way to accomplish anti-icing is by applying
chemicals like surfactants that depress the freezing point of water on a surface.
Yet, due to degradation of chemicals, not only does the method require
chemical reapplication, leading to a waste of chemicals [4], but it may also be
technically difficult to apply these chemicals, for instance, to defreeze blades
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of a spinning wind turbine. Consequently, the fourth method that does not
require any power input or chemical waste and uses surface treatment as a
passive anti-icing technique has been investigated. Such treated surfaces that
can withstand ice formation are referred to as icephobic surfaces [5,6].

The challenge of creating icephobic surfaces is clear from the complexity of
the aspects which must be addressed. Icephobic surfaces should have low ice
adhesion, with adhesion strength well below 100 kPa, to allow passive ice
removal, for instance, by a light wind [6,7]. In addition, they should resist drop
impact in a wide range of velocities and temperatures because if the drops
penetrate the surface texture, their freezing is inevitable [6]. Finally, the
surfaces should delay ice nucleation giving droplets more time to roll-off [6,8].
The reason for such versatile requirements stems from different pathways
through which the ice is formed and, to be more accurate, even the term ‘ice’
should be more carefully classified since liquid water and water vapour can
form various solid water forms under different conditions. Even when the
simplest environment is assumed without any kind of precipitation, there are
still two formation mechanisms in which the icing may occur. Water vapour can
either condense and, if not removed, solidify (condensation and freezing) or
solidify straight from vapour (desublimation) creating a frost layer, meaning
that it’s almost impossible to avoid having water in a solid phase on the
surface. Yet, ice formation can be delayed.

There are several chief strategies to render surfaces icephobic. As
summarized and presented in [5], these can be divided into three categories;
smooth, textured or slippery. Each category has advantages and drawbacks
under certain circumstances. Therefore, the applied strategy is typically
chosen with respect to the application. In this thesis, the goal is to fabricate
surfaces for aviation applications where the airflow, caring sand, dust particles
and water droplets, can hit the surfaces. Hence, the core requirements of the
fabricated surfaces is to be hydrophobic, stiff and durable.
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Since smooth surfaces display poor hydrophobicity and slippery surfaces
suffer from lubricant depletion, this work explores the third strategy, specifically
textured surfaces.

1.2 Aims and objectives
The aim of this study is to design and fabricate surfaces for aviation
applications which can passively delay ice formation in cold and harsh
environments. The working material should be chosen with aerospace
applications (e.g. aeroplane wings or blades) in mind. Then, special
importance should be given to the fabrication process of the surfaces due to
the stringent regulations imposed on the industry. In particular, the process
should be scalable and conducted with safe and environmentally friendly
chemicals.

Finally, to evaluate the performance of the icephobic surfaces, the surfaces
should be subjected to various tests in different environmental conditions.

The main objectives of this thesis are as follows:
•

Providing a literature review of the previous studies investigating the
mechanism of ice formation and reviewing different strategies to battle
it.

•

Establishing a potentially scalable and environment-friendly process
which allows micro- and nanoscale texturing of aluminium, and
identifying the optimal morphologies.

•

Establishing a way to reduce the surface free energy of the textured
surfaces with mobile, fluorine-free molecules, and drawing a detailed
comparison between the performance of the surfaces functionalized
with fluorinated and unfluorinated molecules.
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•

Evaluating the performance of the icephobic surfaces in cold
environments in terms of ice adhesion strength, freezing delay and
durability.

1.3 Thesis layout
A high-level overview of the thesis layout is illustrated in Figure 1-1. In the 1st
section, the motivation for this work and its key objectives are presented. Then,
the 2nd section gives the required theoretical background in wettability and ice
formation and reviews the pertinent strategies to battle the formation of ice.
Furthermore, this section presents the advantages of the texturing approach
and rationalizes why it is the most suitable method for this work. Also, it
explains the benefits of choosing aluminium as the working material.

Figure 1-1: Layout of the thesis.
Next, the 3rd section presents the theory behind surface polishing and
anodization required for texturing of aluminium. Thereafter, in the 4 th section,
the fabrication setups and processes of the surfaces are presented. In
addition, this section describes in detail the setups and the methods used to
evaluate the performance of the surfaces.
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Then, the main body of the thesis is introduced. The body is split into three
parts. In section 5, first, a scalable and environmentally friendly texturing
method of aluminium surfaces is established. Then, the surfaces are
functionalized with fluorinated molecules, and the best performing surfaces in
terms of static and dynamic wettability are identified.

In the second part, section 6, to achieve a fully sustainable fabrication process
of the icephobic surfaces, the surfaces are functionalized with stiff, fluorinefree low surface free energy molecules. In addition, this section presents a
method of how aluminium surfaces can be functionalized with unfluorinated
molecules with mobile chains. Then, a detailed comparison between the
performance of various textured surfaces is drawn.
In the last part, section 7, the extent of icephobicity of the textured surfaces
functionalized with fluorinated and unfluorinated, stiff and mobile molecules is
investigated. Then, a detailed comparison is presented.
Thereafter, in the 8th section, all findings of this work are summarized. Finally,
in section 9, some directions for further work are suggested.
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2 Icephobic surfaces (background)1
2.1 Icephobic surfaces: Features and challenges
The challenge of creating icephobic surfaces starts with various pathways
leading to ice formation. To be more accurate, even the term ‘ice’ should be
more carefully classified since solidified liquid water and water vapour is a solid
that may vary in microstructure. For example, depending on the conditions ice
can be crystalline, amorphous or in mixed forms. Even when the simplest
environment is assumed, and any kind of precipitation is ignored, there are still
two formation mechanisms in which the icing may occur. Water vapour can
either condense and, if not removed, solidify (condensation and freezing) or
solidify straight from gas (desublimation) creating a frost layer, meaning that it
is almost impossible to avoid having water in a solid phase on the surface.

Another challenge the icephobic surfaces face stems from versatile
applications across various environmental conditions. For instance, in
aerospace, aeroplane wings and turbine blades can be bombarded by
droplets, dust or sand particles and thus can be subjected to excessive shear
force, therefore, they must be mechanically durable. Furthermore, the surfaces
should be as light as possible due to weight importance. Therefore, in this
application, light and robust icephobic surfaces with high hydrophobicity can
be advantageous since they can repel impacting droplets and drive
supercooled water drops away which will consequently reduce nucleation
events [9–11].

Contrary to aerospace, in the marine sector, the drop impact velocities are
considerably lower, yet, the vessels are constantly exposed to a saturated,
corrosive environment. Therefore, the icephobic surfaces should also be

1

Elements of this chapter were published as a peer reviewed book chapter in: Ice Adhesion:
Mechanism, Measurement and Mitigation.
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chemically durable. When dealing with saturated environments and even when
any type of precipitation is ignored, after a certain time frosting will start to
appear. Clearly, when the surfaces are covered with frost, their hydrophobicity
and icephobicity will be lost. Therefore, preventing or at least delaying its
formation and its propagation is crucial.

There are other examples where reducing the adhesion strength between ice
and surfaces can be more important than repelling incoming droplets or
delaying freezing. For instance, high-voltage power lines are usually designed
to hold extra weight so that they can withstand a certain level of ice accretion.
However, they can break if ice is accumulated beyond a certain weight. In this
application, icephobic surfaces should exhibit low ice adhesion, with adhesion
strength well below 100 kPa, to allow passive ice removal, for instance, by a
light wind or gravity [6,7]. Typically, surfaces with ice adhesion under 10 kPa
are referred to as ‘ultra-low ice adhesion surfaces’ as on these surfaces, ice
can slide off under its own weight [12].

To conclude, there are various aspects that icephobic surfaces should fulfil.
The aspects are typically divided into three main categories: (I) repelling
impacting supercooled droplets, (II) delaying freezing of droplets sitting on the
surfaces, and (III) having low ice-surface adhesion strength [13]. Moreover,
additional features, such as lightweight, chemical and mechanical durability or
transparency may be required.

However, to better understand how different strategies battle ice formation,
first basic wettability and ice formation theories must be reviewed.

2.2 Wettability
The first parameter that defines whether a drop can rebound at all is surface
wettability. The extent of wettability of a surface (or how well it facilitates droplet
removal) is typically characterized in terms of contact angles (CAs) and contact
angle hysteresis (CAH). Wettable or hydrophilic surfaces present low CAs
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(below 90°) which means that when a liquid is in contact with the surfaces it
will spread [14]. Consequently, the retraction stage is prohibited which makes
the rebound impossible.

Wettability of a surface mainly depends on two parameters, surface free
energy and solid fraction. The relationship between a CA and the surface free
energy is expressed by the Young-Dupré equation (equation (2-1) and Figure
2-1) [15,16].

Figure 2-1: Contact angle of a liquid droplet on a smooth solid surface.
𝛾𝑠𝑎 = 𝛾𝑙𝑠 + 𝛾𝑙𝑎 𝑐𝑜𝑠𝜃𝑌

2-1

where 𝛾 represents surface free energy, subscripts ‘𝑠𝑎’, ‘𝑙𝑠’ and ‘𝑙𝑎’ stand for
solid-air, liquid-solid and liquid-air interfaces, respectively, and 𝜃𝑌 is the
Young’s contact angle on a perfectly smooth surface.

Contrary to Young, who assumed that the surface was smooth, the influence
of surface roughness and how it affects wettability was discussed by Wenzel,
and Cassie and Baxter [17,18]. Wenzel assumed that the droplet penetrates
the surface resulting in complete wetting of a surface, whereas Cassie and
Baxter argued that the droplets rest on top of the rough surface entrapping air
inside the roughness (Figure 2-2).

Figure 2-2: The apparent contact angles 𝜃 ∗ for droplets in Wenzel and CassieBaxter states.
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The apparent CA for the Wenzel state (𝜃 ∗ ) is given by [18]
𝑐𝑜𝑠𝜃 ∗ = 𝑟𝑐𝑜𝑠𝜃𝑌

2-2

where 𝑟 is the surface ratio usually termed the “roughness factor” which is
defined as
𝑟=

𝑎𝑐𝑡𝑢𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
≥1
𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

2-3

From the equations (2-2) and (2-3) it is clear that the surface roughness
enhances the wettability state, meaning that when the roughness is increased,
hydrophilic surfaces become more hydrophilic and hydrophobic surfaces
become more hydrophobic [14].
The transition from the Wenzel to the Cassie state occurs when Young’s angle
is larger than the critical contact angle (𝜃𝑌 > 𝜃𝑐𝑟 ) where 𝜃𝑐𝑟 is given by
𝑐𝑜𝑠𝜃𝑐𝑟 =

(𝜙 − 1)
(𝑟 − 𝜙 )

2-4

where 𝜙 is the fractional surface area (Figure 2-3).
In general, the transition happens when 𝜃𝑌 ≥ 90°. In such a case, the liquid
phase rests on top of the roughness (Figure 2-2) and the apparent contact
angle (or just ‘contact angle’) is given by the Cassie-Baxter equation [16]
𝑐𝑜𝑠𝜃 = −1 + 𝜙(𝑐𝑜𝑠𝜃𝑌 + 1)

2-5

However, having high contact angles does not necessarily ensure rebound.
Surface defects, such as inhomogeneities, can change the macroscopic CA
and thus require more energy to move a droplet from one state to another on
a surface [19,20]. The activation energy required to move a droplet is
manifested through CAH, which is the difference between advancing and
receding contact angles (Figure 2-4). Therefore, repelling surfaces should
have low CAH.

An interesting point has been raised by Richard and Quéré [21] after observing
multiple rebounds of a single impact event on tilted superhydrophobic leaves.
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They have argued that in the limit, ideal superhydrophobic surfaces could
entirely transfer the droplet kinetic energy into surface free energy without
having any viscous losses. However, there are two viscous dissipation
mechanisms (in addition to the viscosity loss at the liquid-surface interface)
through which the energy is lost. The first mechanism dissipates energy
through the vorticial motion inside the liquid (occurring during the expansion
stage) [22]. The second mechanism is manifested in the attenuation of the
vibrations of the liquid after it takes off [14].

Figure 2-3: Schematic illustration representing a solid fraction (𝜙) which is
defined as the ratio between the total area of the pillar tops at the droplet
footprint (inside the dashed circle) and the entire footprint area of the droplet.

Figure 2-4: Advancing (𝜃𝐴𝑑𝑣 ) and receding (𝜃𝑅𝑒𝑐 ) contact angles of a sliding
droplet on an inclined plane.
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2.2.1 Surface functionalization
As described in the section above, the extent of surface wettability depends
primarily on two parameters, surface free energy and a solid fraction. The first
parameter dictates whether the surface is hydrophobic or hydrophilic whereas
the second one amplifies the phenomena.

There is a plethora of methods to modify surface chemistry which can be
simple or sophisticated, wet or dry, and can be performed in a vacuum or other
environments [23]. Since the working material in this study is aluminium, which
is typically very reactive, its surface free energy could be modified through
chemical functionalization. The main advantages of functionalization are that
it is a simple, scalable, and inexpensive process which in many cases does
not require any dedicated setups.

The outcome of surface functionalization, broadly speaking, depends on the
molecule types. Specifically, parameters like chain lengths, strength, end
groups, can play a significant role [24]. Furthermore, the success of
establishing molecule-to-surface bonding strongly depends on the functional
groups of a surface. Surfaces whose functional groups contain reactive
species, like oxygen or nitrogen, can facilitate bonding [24]. It should be noted,
however, that if a surface does not contain such groups, they can still be
added, for instance, through plasma treatment.

As already mentioned, what dictates whether the functionalized surfaces
become hydrophobic or hydrophilic is the surface free energy of the molecule
end groups. Specifically, if the surface free energy of the end groups is below
36 dynes/cm then the surfaces become hydrophobic [25]. Typically, the end
groups of such molecules expose methylene (CH2), methyl (CH3), methoxy
(OCH3), or trifluoromethyl ester (OCF3) toward the surroundings [26].
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Figure 2-5: Illustration of surface free energy of various polymers, reproduced
from [25].
Figure 2-5 shows that the surface free energy of the fluorinated molecules is
substantially lower than that of their unfluorinated counterparts, which explains
why these molecules are that attractive when lowering surface energy is
desired. Another advantage of using fluorinated molecules is their enhanced
thermal, chemical and mechanical stabilities making them more suitable in
many applications [27–29].

However, despite the advantages of fluorinated molecules, their use has been
severely criticized due to their adverse health impact [30–32]. As a result, great
effort has been put into the design and fabrication of robust unfluorinated
coatings [33,34]. Most of such coatings rely on silicon-based polymers like
Poly(dimethylsiloxane) which have a low surface free energy (Figure 2-5).
Another benefit of using these polymers is their low glass transition
temperature (around −120°C). This means that they will not become brittle in
cold environments, thus making them attractive for icephobic applications [34–
36].
Furthermore, it should be noted that despite having higher surface free energy,
recent studies have shown that when functionalization is combined with
rational surface texturing, the performance of the surfaces functionalized with
non-fluorinated and fluorinated molecules becomes similar [32,37,38].
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2.3 Classical nucleation theory
Originally derived by Turnbull, Vonnegut, and Fletcher [39], classical
nucleation theory (CNT) is the common theoretical model that explains how
nucleation is initiated and what parameters affect it. In addition, CNT helps to
estimate the rate at which nucleation happens and approximately calculate its
time (i.e. how long it will take a droplet to freeze). For the sake of simplicity,
the discussion in this section will assume nucleation inside a metastable liquid
phase. However, it should be pointed out that the nucleation process is not
restricted only to a metastable water phase. For instance, nucleation happens
when the vapour pressure exceeds the critical pressure so that a new phase
(liquid or solid) appears. The only difference between nucleation inside
supercooled water or supersaturated vapour lies in the growth mechanism of
the embryos. In the supercooled water case, the flux involves molecular
reorganisation (breaking weak hydrogen bonds and building stable ones),
whereas, in the supersaturated vapour phase, it depends on the vapour flux
[39].

Inside a metastable liquid phase, water molecules spontaneously agglomerate
and form small ice nuclei (embryos). These embryos are easily disturbed by
thermal agitations since their bonding is very weak. However, in critical
supercooled conditions, some embryos will grow to a critical (germ) size and
become thermodynamically stable. Once the size of the germ exceeds its
critical size, the germ will continue to grow producing a macroscopic solid
phase (Figure 2-6). In other words, nucleation is a spontaneous process of
forming a new solid phase in a metastable liquid phase. The nucleation
process can proceed along two avenues and can be either homogeneous or
heterogeneous. The term ‘heterogeneous nucleation’ refers to nucleation that
occurs on foreign (often solid) surfaces (e.g. pollutants, salts and other foreign
substances) which has been shown to expedite the nucleation process.
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Alternatively, when there is only water substance, without any foreign bodies,
homogeneous nucleation will occur (Figure 2-6) [39].
From the CNT, the ice nucleation rate 𝐽 is estimated by [8,40,41]
𝐽=

𝛥𝐺ℎ𝑒𝑡
−
𝑘
𝛷𝐾𝑒 𝐵 𝑇𝑠𝑢𝑟

2-6

where 𝛷 is the droplet-substrate contact area fraction, 𝐾 is the kinetic
prefactor, 𝑇𝑠𝑢𝑟 is the temperature of the substrate (and of the droplet), Δ𝐺ℎ𝑒𝑡 is
the free energy barrier for heterogeneous nucleation at the ice-water interface
and 𝑘𝐵 is the Boltzmann constant.
The kinetic prefactor represents the diffusive flux of water molecules across
the ice-water interface of the ice nucleus and can be expressed as [8,40,41]
𝑑𝑖𝑓𝑓
𝑘𝐵 𝑇𝑠𝑢𝑟 𝑛 −𝛥𝐸
2-7
𝐾=
𝑒 𝑘𝐵 𝑇𝑠𝑢𝑟
ℎ
where 𝑛 represents the density of water molecules at the ice-water interface,

ℎ is the Planck constant and Δ𝐸𝑑𝑖𝑓𝑓 is the diffusion activation energy of a water
molecule needed to cross the water-ice interface.

The diffusion activation energy can be estimated from [8,40,41]
𝛥𝐸𝑑𝑖𝑓𝑓

2
𝑘𝐵 𝐶1 𝑇𝑠𝑢𝑟
=
(𝑇𝑠𝑢𝑟 − 𝐶2 )2

2-8

where the constant values 𝐶1 and 𝐶2 are experimentally determined
parameters.

The growth rate of an ice embryo inside the metastable water phase involves
the breaking of water-to-water bonds and the formation of water-to-ice bonds,
meaning water molecules move from minimum potential energy in the water to
a new equilibrium position in ice. The energy barrier that separates these two
positions (or the required diffusion energy for water molecules to cross the
water-ice boundary) is known as the Gibbs free energy (ΔG).
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Figure 2-6: Schematic diagram of homogeneous and heterogeneous
nucleation. Homogeneous nucleation occurs in the presence of water only
whereas heterogeneous happens on solid surfaces.
The free energy barrier for the ice-germ formation in supercooled water (Δ𝐺)
depends on the nucleation type (homogeneous or heterogeneous). The
relationship between the process is given by [8,40–42]
𝛥𝐺ℎ𝑒𝑡 = 𝛥𝐺ℎ𝑜𝑚 𝑓

2-9

where 𝐺ℎ𝑒𝑡 and 𝐺ℎ𝑜𝑚 stand for free energy barrier for heterogeneous and
homogeneous nucleations, respectively, and 𝑓 is a wetting coefficient for
heterogeneous nucleation.

The homogeneous free energy can be calculated from [8,40,41]
𝛥𝐺ℎ𝑜𝑚 =

16𝜋 𝛾𝑖𝑙3
3(𝛥𝐺𝑣 )2
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where 𝛾𝑖𝑙 is the ice-liquid interfacial free energy and 𝐺𝑣 is the free energy
difference per unit volume between water and ice.

From the Gibbs-Helmholtz equation, it can be shown that the volumetric free
energy difference between bulk water and ice (𝐺𝑣 ) is expressed as [8,40]
𝛥𝐺𝑣 =

𝑇𝑚 − 𝑇𝑠𝑢𝑟
𝛥𝐻𝑣
𝑇𝑚
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where 𝑇𝑚 is the melting temperature of ice at 1 atm and Δ𝐻𝑣 is the volumetric
enthalpy of fusion for water.
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The wetting coefficient 𝑓 (𝜃𝑖𝑙 , 𝑅𝑎 ), also known as the wetting factor, is a
geometrical factor which accounts for nucleation on water-insoluble, partially
wettable surfaces. This parameter emphasizes the importance of the surface
wettability (represented via the contact angle 𝜃𝑖𝑙 ) and the radius of curvature
of its roughness (𝑅𝑎 ). The expression for the wetting factor changes with
respect to surface curvature (i.e. planar, concave or convex) as shown in
equations (2-12), (2-19) and (2-20). For this parametric study, the formula for
nucleation on a spherically convex surface will be used the.
𝑓=

1 1 1 − 𝑚𝑥 3 𝑥 3
𝑥−𝑚
𝑥−𝑚 3
3𝑚𝑥 2 𝑥 − 𝑚
)+(
) ]+
(
+ (
) + [2 − 3 (
− 1)
2 2
𝑤
2
𝑤
𝑤
2
𝑤
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where 𝑚 = 𝑐𝑜𝑠𝜃𝑖𝑙 , 𝑥 = 𝑅𝑎 /𝑟𝑐𝑟 and 𝑤 = (1 − 2𝑥𝑚 + 𝑥 2 )1/2 . 𝜃𝑖𝑙 is the contact
angle inside the supercooled water phase between an ice embryo and water
(which is different than the contact angle between a droplet and a surface).
The symbol 𝑟𝑐𝑟 denotes the critical radius of a nucleus.
𝜃𝑖𝑙 can be derived from Young’s equation (2-1), as was described in [41]
𝛾𝑖𝑎 𝑐𝑜𝑠𝜃𝑖𝑎 = 𝛾𝑙𝑎 𝑐𝑜𝑠𝜃𝑙𝑎 + 𝛾𝑖𝑙 𝑐𝑜𝑠𝜃𝑖𝑙
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where the subscripts 𝑖, 𝑎 and 𝑙 stand for ice, air and liquid, and where 𝛾 𝑎𝑛𝑑 𝜃
are the surface free energies and contact angles, respectively.

The critical size of a nucleus is found from the energy balance of a growing
nucleus [39]
𝑟𝑐𝑟 =

2𝛾𝑖𝑙
𝛥𝐺𝑣
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The average freezing delay time (𝜏𝑎𝑣𝑔 ) for ice nucleation (at a constant
temperature 𝑇𝑠𝑢𝑟 ) can be expressed as [8]
𝜏𝑎𝑣𝑔 ∝

1
𝐽

2-15

As shown above, the parameters that affect the nucleation rate are the contact
area fraction (𝛷), roughness curvature radius (𝑅𝑎 ), the contact angle (𝜃𝑖𝑙 ) and
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the substrate temperature ( 𝑇𝑠𝑢𝑟 ). If equations (2-7) to (2-11) are replaced into
(2-6), one gets an explicit equation (2-16).
𝐽=𝛷

𝑘𝐵 𝑇𝑠𝑢𝑟 𝑛
𝐶1 𝑇𝑠𝑢𝑟
1
16𝜋 𝛾𝑖𝑙3 𝑇𝑚 2
𝑒𝑥𝑝 (−
−
𝑓(𝜃𝑖𝑙 , 𝑅𝑎 ))
(𝑇𝑠𝑢𝑟 − 𝐶2 )2 𝑘𝐵 𝑇𝑠𝑢𝑟 3( 𝑇𝑚 − 𝑇𝑠𝑢𝑟 )2 𝛥𝐻𝑣 2
ℎ
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To make the comparison between the two terms in the exponent easier (i.e.,
to check whether they are of the same order of magnitude), one can substitute
the typical values of the parameters (Table 2-1) into equation (2-16).
Table 2-1: Typical values of the parameters to estimate the nucleation rate.
Parameter
𝑛 = 1019

Meaning
The number density of water molecules at the nucleus/water
interface

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
𝑚2

𝐶1 = 892 𝐾
𝐶2 = 118 𝐾
𝑇𝑚 = 273.15 𝐾

Experimental fit parameters for liquid water in the
temperature range between 150 and 273 K [43]

𝜃𝑙𝑎 = 150°
𝜃𝑖𝑎 = 𝜃𝑙𝑎

It has been observed that contact angles of freezing droplets
and liquid droplets are almost the same [41]

Δ𝐻𝑣 = 287

Ice melting temperature at 1 bar

𝑀𝐽

Water volumetric enthalpy of fusion

m3 𝑔𝑟

𝛾𝑖𝑙 = 28 + 0.25( 𝑇𝑠𝑢𝑟 − 273.15) is the temperature-dependent
empirical relation for ice-water interfacial free energy [39]

𝑚𝐽

𝛾𝑖𝑙 = 23

𝑚2

𝛾𝑙𝑎 = 78

𝑚2

𝑚𝐽

𝛾𝑖𝑎 = 106

Water-air interfacial free energy at 253K
Ice-air interfacial free energy for temperatures between 253K
and 273K

𝑚𝐽
𝑚2

𝑘𝐵 = 1.38 ⋅ 10−23
ℎ = 6.63 ⋅ 10−34

𝑘𝑔 𝑚 2
𝑠2 𝐾

𝑘𝑔 𝑚 2
𝑠

Boltzmann constant
Planck's constant

892 𝑇𝑠𝑢𝑟
1.34 ⋅ 107
𝐽 = 𝛷𝐶 𝑇𝑠𝑢𝑟 𝑒𝑥𝑝 (−
−
∙ 𝑓 (𝜃𝑖𝑙 , 𝑅𝑎 ))
(𝑇𝑠𝑢𝑟 − 118)2 𝑇𝑠𝑢𝑟 (273 − 𝑇𝑠𝑢𝑟 )2

where C = 2.1 ⋅ 1029

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
𝑠 𝑚3 𝐾
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. From equation (2-17), one can see that the

nucleation rate is exponentially affected by the substrate temperature and
seems to be linearly affected by 𝛷. However, as will be discussed later, the
wetting coefficient is indirectly affected by 𝛷 through the contact angle (𝜃𝑖𝑙 ).
Therefore, its dependency on 𝛷 is more than just linear.
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To find how the wetting coefficient influences the nucleation rate, the order of
magnitude of the two terms in the exponent will be examined. Let us assume
that 𝑇𝑠𝑢𝑟 = 253 𝐾 and substitute it into (2-17)
𝐽 = 𝛷 𝐶 ⋅ 253 𝑒𝑥𝑝(−12.4 − 132 𝑓(𝜃𝑖𝑙 , 𝑅𝑎 ))
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then, it can clearly be seen that the wetting factor has an exponential influence
on the nucleation rate through the contact angle.

2.3.1 Wetting coefficient
The wetting coefficient 𝑓 represents the reduction of the required Gibbs energy
when

the

nucleation

mechanism

switches

from

homogeneous

to

heterogeneous [39]. As can be seen in equation (2-9), 𝑓 = 1 represents
homogeneous nucleation, 𝑓 < 1 stands for hetrogeneous nucleation, and if
𝑓 = 0 then it is an extreme case of heterogeneous nucleation where the energy
barrier to nucleation does not exist at all. As was previously mentioned and
can be seen in Figure 2-7, the wetting coefficient varies with respect to the
surface curvature on which the nucleation takes place. A detailed derivation of
the wetting coefficients can be found in [39].

Figure 2-7: Illustration of three different surface curvatures of a spherical cap
on which nucleation can take place: (a) planar surfaces, (b) spherically
convex surfaces and (c) spherically concave surfaces, reproduced from [39].
The wetting coefficient for the nucleation on a planar substrate (Figure 2-7a)
can be calculated from [39]
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(2 + 𝑚)(1 − 𝑚)2
2-19
4
(‘𝑠𝑤’ stands for substrate-water). The wetting coefficient for
𝑓=

where 𝑚 = 𝑐𝑜𝑠𝜃𝑠𝑤

the nucleation on a spherically concave surface (Figure 2-7c) is given by [39]
𝑓=

1 1 1 + 𝑚𝑥 3 𝑥 3
𝑥+𝑚
𝑥+𝑚 3
3𝑚𝑥 2 𝑥 + 𝑚
− (
) − [2 − 3 (
)+(
) ]+
(
− 1)
2 2
𝑤
2
𝑤
𝑤
2
𝑤
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where 𝑚 = 𝑐𝑜𝑠𝜃𝑠𝑤 , 𝑥 = 𝑅𝑎 /𝑟𝑐𝑟 and 𝑤 = (1 + 2𝑥𝑚 + 𝑥 2 )1/2 .
Therefore, when a substrate is completely wetted, 𝜃𝑠𝑤 = 0° leading to 𝑚 = 1
so that 𝑓 = 0, the nucleation will be heterogeneous since it will happen on a
surface. However, if the surface is completely non-wettable, meaning that
𝜃𝑠𝑤 = 180°, then 𝑚 = 0 and 𝑓 = 1 which corresponds to formation energy for
homogeneous nucleation, since the germ does not interact with the surface.
So, in general, 0 ≤ 𝑓 ≤ 1 which proves that foreign surfaces lower the free
energy barrier to nucleation.

To see how the wetting coefficient is affected by the surface roughness
curvature, equations (2-12) and (2-20) were plotted in Figure 2-8. From the
figure, it can be seen that when dealing with convex surfaces (𝑓∩ ) and 𝑅𝑎 is
reduced below 𝑟𝑐𝑟 , 𝑓 becomes 1 regardless of 𝜃𝑖𝑙 values. However, when 𝑅𝑎
is much larger than 𝑟𝑐𝑟 (𝑅𝑎 ⁄𝑟𝑐𝑟 > 10), one can observe that the wetting factor
is determined solely by the contact angle.

Figure 2-8: Wetting coefficient (𝑓) is plotted against the ratio 𝑥 = 𝑅𝑎 ⁄𝑟𝑐𝑟 for
varying 𝜃𝑖𝑙 values. Figures (A) and (B) represent the influence of convex and
concave surface curvature roughness, respectively, reproduced from [42].
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2.3.2 Quasi-liquid layer
According to the classical nucleation theory, the wetting coefficient expresses
the change in Gibbs free energy required to form a critical ice embryo during
heterogeneous nucleation and is a function of 𝑅𝑎 , 𝜃𝑙𝑎 and the surface
curvature. Figure 2-8 shows that when 𝑅𝑎 is sufficiently decreased (𝑅𝑎 /𝑟𝑐𝑟 <
1), 𝑓∩ becomes almost 1 while 𝑓∪ suddenly drops, meaning that the freezing
point should be decreased on the convex surfaces and promoted on the
concave surfaces. However, experiments have shown that nucleation
temperatures on the concave surfaces remain constant over a wide range of
𝑅𝑎 (0.1 to 100 nm) which disagrees with the theory. To explain such
disagreement, the existence of a confined quasi-liquid layer between a forming
ice nucleus and a solid surface was considered (illustrated in Figure 2-9).
When 𝑅𝑎 is decreased, the quasi-liquid layer becomes thicker [8]. The layer
thickness, in turn, affects the effective ice-water contact angle (𝜃𝑖𝑙 ) as
described in [8]
𝑐𝑜𝑠𝜃𝑖𝑙,𝑒𝑓𝑓 ≈ (𝑐𝑜𝑠𝜃𝑌,𝑖𝑙 + 1)𝑒

−(𝑡−𝑡𝑌 )
𝜁

−1
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where 𝜃𝑖𝑙,𝑒𝑓𝑓 is the effective ice-water contact angle, 𝑡 is the thickness of the
quasiliquid layer, 𝜃𝑌,𝑖𝑙 , and 𝑡𝑌 are the contact angle and the layer thickness on
an ideally flat surface (𝑅𝑎 → ∞) and ζ is the decay length of the interaction with
the bulk.

Figure 2-9: Illustration of a quasi-liquid layer confined in a nanoscale cavity,
reproduced from [42].
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As can be seen in equation (2-21), the increase in 𝜃𝑖𝑙,𝑒𝑓𝑓 corresponds to an
increase in 𝑡. According to the classical thermodynamics of very small
particles, the freezing and melting points will be different if the particle size is
below the critical size. In other words, the quasiliquid layer will remain for
longer periods of time [44]. However, when 𝑡 is sufficiently small
(corresponding to 𝑅𝑎 ⁄𝑟𝑐𝑟 > 10), the melting and freezing temperatures will be
the same again. Therefore, due to the nanoscale interface confinement effect,
the nucleation inside the nanoscale cavities (nanopits) is further delayed by
the quasiliquid layer and the nucleation near the regions where 𝑅𝑎 /𝑟𝑐𝑟 > 10
becomes more dominant, which explains the constancy of the nucleation
temperature.

In conclusion, the presence of the quasi-liquid layer inside the nanopits alters
𝜃𝑖𝑙,𝑒𝑓𝑓 which counters the curvature dependence of the nanoscale cavities so
that the ice nucleation rate remains the same.

2.4 Surface engineering
The following section will focus on various aspects of engineering the surfaces
to maximize their icephobicity under different environmental conditions.
Furthermore, the advantages and disadvantages of various fabrication
approaches will be discussed.

2.4.1 Repelling impacting droplets
2.4.1.1 Drop impact characterization
Drop impact is a fascinating and widely investigated phenomenon. The
outcome of the impact depends on many factors such as liquid properties
(density, viscosity, viscoelasticity or surface tension), impact velocity, the
properties of the solid surfaces and so on. The main dimensionless numbers
governing the impact are the Weber (𝑊𝑒), Reynolds (𝑅𝑒), Ohnesorge (𝑂ℎ)
and Capillary (𝐶𝑎):
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𝜌𝑑𝑣02
𝑊𝑒 =
,
𝛾𝑙𝑎

𝜌𝑑𝑣0
𝑅𝑒 =
,
𝜇

𝜇
𝑊𝑒 0.5
𝑂ℎ =
=
,
(𝜌𝛾𝑙𝑎 𝑑 )0.5
𝑅𝑒

𝐶𝑎 =

𝜇𝑣0
𝛾𝑙𝑎
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where 𝜌, 𝜇, 𝛾𝑙𝑎 , 𝑑 and 𝑣0 denote the liquid density, liquid viscosity, liquid-air
surface tension, droplet diameter and the impact velocity, respectively. 𝑊𝑒
represents the ratio between the droplet inertia and the surface tension; 𝑅𝑒
represents the balance between the inertia and the viscous forces; 𝑂ℎ relates
the viscosity to inertia and surface tension, and 𝐶𝑎 describes the balance
between the viscosity and surface tension [45].

One of the challenges with classifying the drop impact scenarios based on the
dimensionless groups (mentioned in equation (2-22)) is that the groups do not
include any substrate properties (e.g. elasticity, wettability or temperature)
which in practice lend themselves better to be rationally tuned. Therefore, the
numbers enumerated above cannot adequately predict the drop impact
outcomes [45,46]. For instance, it has been known that elevated surface
temperature can facilitate rebound via the Leidenfrost effect. However, the
surface temperature does not appear in any of the mentioned equations [45].

In general, the outcome of droplet impact on dry surfaces can be classified into
six different scenarios (2-9). The drop impact at low speeds consists of two
stages: spreading and retraction. During the spreading stage, the kinetic
energy is either stored as surface free energy or dissipated through viscous
forces (shear and drag). During the retraction stage, the surface free energy is
gradually converted into kinetic energy. If the dissipated energy is not too large
and the contact-line is not pinned, the regained kinetic energy can lead to a
full rebound [22,47]. In fact, the transition from a complete deposition (topmost
line in 2-9) to a complete rebound scenario (bottom line in 2-9) can be induced
by tuning the surface properties [45].

For want of suitable dimensionless groups, the impact outcome is usually
characterized in terms of, restitution coefficient, contact time and spreading
parameter.
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Figure 2-10: Summary of possible outcome patterns of drop impacts,
reproduced from [48]. In the deposition scenario, a lamella with a visible outer
rim grows until it reaches its maximum diameter, and never recedes. In the
prompt splash scenario, tiny droplets are detached from the rim of the lamella
during the spreading stage. For the remaining (spreading) droplet, once the
maximum spreading diameter is reached, no retraction is observed. The
corona splash scenario is similar to the prompt splash scenario except for the
fact that the spreading lamella detaches from the substrate resulting in crown
formation. The receding break-up scenario begins similarly to the deposition
scenario, however, after reaching its maximum diameter, the lamella recedes.
During the receding phase, the lamella breaks up into multiple small droplets.
In partial and complete rebound scenarios, after reaching their maximum
spreading diameter, the droplets retract followed by lift-off. The difference
between these two scenarios, however, is whether some liquid remains pinned
to the surface (partial rebound) or not (complete rebound).
The first person to define the coefficient of restitution (e) was Sir Isaac
Newton in 1687. The coefficient represents the ratio between kinetic energies
of an object before and after a collision event [21]
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𝑒=√

𝐸𝑘,𝑎𝑓𝑡𝑒𝑟
𝑣𝑎𝑓𝑡𝑒𝑟
=
𝐸𝑘,𝑏𝑒𝑓𝑜𝑟𝑒 𝑣𝑏𝑒𝑓𝑜𝑟𝑒
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where 𝐸𝑘,𝑎𝑓𝑡𝑒𝑟 , 𝐸𝑘,𝑏𝑒𝑓𝑜𝑟𝑒 , 𝑣𝑎𝑓𝑡𝑒𝑟 and 𝑣𝑏𝑒𝑓𝑜𝑟𝑒 are the kinetic energies and their
corresponding velocities immediately after and before the collision,
respectively. Normally, 𝑒 values range from 0 to 1 where 1 would represent a
perfectly elastic collision. When 0 < 𝑒 < 1, such as on superhydrophobic
surfaces where 𝑒 can be about 0.9 [21], the kinetic energy is lost. The energy
loss can occur through various mechanisms such as viscous dissipation or
substrate plastic deformation. Interestingly, however, 𝑒 values can also exceed
unity, meaning that the droplet actually gains kinetic energy after the collision
as has been reported by Biance et al. [49]. They have shown that when
droplets impact a hot surface, they can gain additional kinetic energy due to
vaporization taking place at the surface-air interface (known as the Leidenfrost
effect) and thus result in increased kinetic energy.

Contact time (ξ) is defined as the duration over which a droplet stays in contact
with a solid surface during its deformation. Interestingly, despite the fact that ξ
is expected to be a function of the impact velocity, it has been shown over a
wide range of impact velocities that ξ is not a function of velocity when
impacting superhydrophobic surfaces [50,51]. The reasoning behind such a
counterintuitive result was given by Richard et al. [51]. They argued that if the
inertia of a droplet (order of 𝜌𝑑 5 /ξ2 ) and capillarity (γla 𝑑 2 ) are the primary
factors, then by comparing them, the scaling for the impact time can be
deduced to
𝜌𝑑 3
𝜉≈√
𝛾𝑙𝑎
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An immediate question that follows equation (2-24) is how the contact time can
be reduced if it is a function of the drop parameters only. One of the answers
to this question was given by Bird et al. [50] who have shown that the impact
time can be reduced via breaking up the droplet, for instance, by induced
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surface roughness. This way, the fragments will have a shorter distance to
recoil before they lift-off, resulting in shorter contact time.

An important factor to also consider during droplet impacts at low speeds is
spreading factor (𝛽) which is commonly defined as [52]
𝛽=

𝑑𝑚𝑎𝑥
𝑑0
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where 𝑑𝑚𝑎𝑥 and 𝑑0 are the maximum and the initial diameters, respectively.
Clearly, maximum spreading is affected by the balance between viscous and
inertial forces. When the spreading is primarily dictated by the viscous forces,
the maximum spreading is obtained by balancing kinetic energy and viscous
dissipation. On the other hand, when the spreading is in the inertia regime then
capillary and inertia forces are compared (with certain corrections due to
wettability and viscosity) as listed in Table 2-2 [52].

Table 2-2: Summary of different models for the spreading factor 𝛽 based on
the impact parameters, reproduced from [52].
Model

Expression

Comment

Scheller and Bousfield
[53]

𝛽~0.61(𝑅𝑒 2 𝑂ℎ)1/6
= 0.61𝑅𝑒1/5 (𝑊𝑒𝑅𝑒 −2/5 )1/6

Pasandideh-Fard et al.
[54]

𝑊𝑒 + 12
𝛽=√
3(1 − 𝑐𝑜𝑠𝜃𝑎 ) + 4(𝑊𝑒/√𝑅𝑒)

Empirical law-based
on experimental results.
Detailed energy balance
including contact angle
(𝜃𝑎 ) and initial conditions.
Extension of the above
model, 𝜃𝑑 being the
dynamic contact angle
during spreading.
Mass balance using the
impact capillary length.
Obtained using a dynamic
model for the spreading of
the drop involving a
viscous boundary layer.
A similar approach as
Roisman [56]. Impact
number 𝑃 is defined by
𝑃 = 𝑊𝑒𝑅𝑒 −2/5

Ukiwe and Kwok [55]

Clanet et al. [22]

Roisman [56]

Eggers et al. [57]

(𝑊𝑒 + 12)𝛽 = 8 +
𝛽 (3(1 − 𝑐𝑜𝑠𝜃𝑑 ) + 4(𝑊𝑒/√𝑅𝑒))
3

𝛽 ∝ 𝑊𝑒1/4
𝛽~0.87𝑅𝑒1/5 − 0.4𝑅𝑒2/5 𝑊𝑒 −1/2

𝛽 = 𝑅𝑒1/5 𝑓(𝑃)
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2.4.1.2 Enhancing surface resistance against drop impact
2.4.1.2.1 Pore size
A superhydrophobic surface essentially combines surface roughness with low
surface free energy to achieve non-wetting characteristics. An impacting
droplet can impale either on the gaps between the asperities or on the pores.
In either case, the effective pore diameter is defined as the largest feature
which controls the impalement resistance of the surface. Clearly, to enhance
the impact resistance against an incoming drop, the effective pore diameter
should be reduced (i.e. asperities should be closer together or pores should
be finer while maintaining a low solid fraction). The reduction of the pore
diameter will increase the capillary pressure (𝑃𝐶 ) which works against the
penetrating meniscus as illustrated in Figure 2-11. The relationship between
the capillary pressure, the surface free energy, the wettability (captured by
𝜃𝐴𝑑𝑣 ) and the characteristic pore diameter (𝐷𝑝 ) is expressed by equation (2-26)
[42]
𝑃𝐶 ∝

𝛾𝑙𝑎 𝑐𝑜𝑠𝜃𝐴𝑑𝑣
𝐷𝑝
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The equation shows that the impact resistance of the surfaces will go to infinity
when the pore diameter approaches zero; however, this will also enhance the
liquid-surface contact area which will result in poor droplet mobility [58,59].

Figure 2-11: Schematic illustration of a water meniscus penetrating a pore.
It is important to note that even when the pressure rise during the impact
exceeds the 𝑃𝐶 so that the liquid meniscus penetrates the surface texture, it
does not mean that the droplet will stay pinned since it may lead to partial
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penetration (Figure 2-12). Therefore, an irreversible Cassie to Wenzel state
transition must take place in order for the liquid to get pinned [60].

Figure 2-12: Liquid meniscus penetration and the corresponding droplet
rebound scenarios on rough surfaces, reproduced with minor modifications
from [60].
2.4.1.2.2 Surface texture
Another way to increase the impalement resistance of a surface and to improve
the chance to repel impacting droplets moving with high velocities (𝑣 ≫ 5 𝑚/𝑠)
was discussed by Mishchenko et al. [9]. They showed that changing the typical
texture pattern from open-cell to closed-cell geometries (Figure 2-13) can
significantly enhance the dynamic pressure stability of the surfaces, which can
be done in parallel to the tuning of the surface wettability as discussed above.

The reason why closed-cell geometries present higher-pressure stability can
be understood by looking at the confinement of air. When a droplet approaches
a surface, it applies pressure on the air layer between the surface and the
leading edge of the drop, thus forcing the air to drain. The drainage rate
combined with the air compressibility provides a key feature guiding the impact
dynamics [60]. Therefore, the confinement effect augments the pressure
stability in closed-cell geometries and increases the drop impact resistance of
the surfaces.
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Figure 2-13: Example of (left) open-cell and (right) closed-cell geometries. In
the image, the open-cell geometry consists of protruding pillars whereas the
closed-cell geometry comprises holes.
2.4.1.2.3 Surface elasticity
Surface elasticity is another means to promote impact resistance. It can be
manifested in two main ways: softness or the ability of a surface to be locally
deformed (like a sponge) and flexibility or the ability to bend (like a diving
springboard). Clearly, an object that is flexible does not necessarily have to be
soft, however, soft objects do tend to be flexible [61].
2.4.1.2.3.1 Surface flexibility
When droplets impact rigid, superhydrophobic surfaces, the kinetic energy can
either be transformed into capillary energy or dissipated through viscous
losses. To put it crudely, the balance between these energies will determine
the impact outcome (complete, partial or no rebound). However, if a surface is
flexible, the kinetic energy can also be converted into bending (elastic) energy
𝐸𝑒𝑙 and thus change the wetting dynamics [62]. As a result, the surfaces can
exhibit enhanced liquid repellence manifested through a higher restitution
coefficient, increased resistance to impalement and shorter contact time. Yet,
for this to happen, the surface parameters (Young’s modulus, mass and the
second moment of inertia) have to be properly tuned [61,63].

To understand how surface flexibility can augment the repellence, the dynamic
behaviour of the drop-surface system should be examined. It is clear that the
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air layer between an approaching droplet and a surface is compressed during
the impact process. Since the drainage of the air layer is prevented by the
texture of the superhydrophobic surfaces, the pressure will increase. The
pressure rise will force the surface to move downwards which will begin to
move even before the collision took place. The movement of the surface will
reduce the relative impact velocity – decreasing the maximum spreading
diameter (𝑑𝑚𝑎𝑥 ), and the viscous losses correspondingly. Nonetheless, in
order to enhance the probability of a droplet rebound, the elastic energy stored
in the surface has to be efficiently converted back into kinetic energy of the
droplet.

To elucidate the concept of recuperation, the surface is assumed to be a
cantilever beam. What defines how much of 𝐸𝑒𝑙 is returned to the droplet is the
relationship between the natural frequencies of the beam (𝑓𝑏 ) and the droplet
(𝑓𝑑 ) which are defined in equation (2-27) [61]
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where 𝜏 is the natural oscillation period of a vibrating droplet, 𝑘𝑏 and 𝑚𝑏 are
the flexural rigidity and effective mass of the beam. The ratio between 𝑓𝑏 and
𝑓𝑑 dictates whether the substrate movement will act synergistically, passively,
or destructively. Specifically, if 𝑓𝑏 ≈ 𝑓𝑑 , the droplet will recoil during the upward
motion of the beam at the point of the maximum velocity. When 𝑓𝑏 > 𝑓𝑑 , the
impact dynamics is similar to that of the rigid substrate case. However, if 𝑓𝑏 <
𝑓𝑑 , the droplet will recoil during the downward movement of the beam with
reduced kinetic energy [46,61].
2.4.1.2.3.2 Surface softness
As mentioned above, surface elasticity can be manifested through flexibility
and/or softness (deformation). Since soft surfaces can bend and deform
simultaneously, the term “softness” will refer to their ability to deform but not to
bend as it happens when force is applied on a rigid surface covered with soft
gel.
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Clearly, during the collision, the spreading dynamics (i.e. spreading diameter,
recoiling, etc.) on soft substrates is different from the dynamics on rigid
surfaces owing to the substrate deformation. It has been shown that when
droplets impact soft surfaces, the maximum spreading diameter is smaller,
whereas the final drop diameter of the resting droplet is larger when compared
to the impact on hard surfaces [64]. Such an outcome is attributed to higher
energy dissipation during the spreading and retracting phases. In addition, it
has been found that CAH can be increased by the deformation of the soft
surface at the triple line [65]. Furthermore, it has been shown that the
spreading time does not depend on surface softness, yet on soft surfaces, the
time it takes to retract is longer [64].

Nevertheless, the advantage of softness is prominent when adjustable
wettability is desired; soft surfaces can be beneficial by allowing wettability
control through texture manipulation. In this regard, Coux et al. [66] have
fabricated soft, textured surfaces which are stiff enough not to undergo any
deformation during a drop impact, yet, are sufficiently soft (and elastic) to be
stretched. Due to the stretching, the gap between the texture features (pillars)
was increased reducing the solid fraction leading to higher CAs and lower
CAH. However, it is worth noting that the surface stretching diminished the
impalement resistance of the surface due to the decrease in the capillary
pressure as pointed out in the Pore size (2.4.1.2.1) section. Furthermore, Zhu
et al. [67] have shown that surface wettability can be manipulated via a
magnetic field. They prepared ferromagnetic micropillars, bonded them to a
soft poly(dimethylsiloxane) (PDMS) substrate and changed wettability by
varying the magnetic field.
2.4.1.2.4 Thermal properties
When considering how temperature influences the drop impact scenario – an
aspect that is predominant in low temperature, icing conditions – two important
cases should be distinguished: surface and liquid temperatures (supercooled
liquid and/or undercooled surfaces).
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Previously, it has been said that when liquids are subcooled, they become
metastable. When the metastable liquid is sufficiently perturbed, it will start
nucleating and will eventually freeze. However, another aspect which should
be accounted for is that when water is cooled, it rapidly becomes more viscous.
For example, the viscosity of metastable water is increased almost four times
when the temperature of the liquid drops from 23 to −17 ℃. It is worth noting
that for the same temperature drop surface tension of water increases only by
about 8% [68]. Therefore, as has been pointed out by many [59,63,69–71]
during drop impact events, the low temperature of the liquid considerably
affects the recoil dynamics due to the enhanced viscous loss. Also, even when
a cold droplet rebounds after an impact, its restitution coefficient is
considerably lower than that of a room-temperature droplet [59]. Moreover,
high viscosity of the droplets may diminish their mobility and thus reduce the
chance of roll-off [63].

On the other hand, when investigating how surface temperature affects the
droplet dynamics (mobility and impact), the interaction between a surface and
droplet should be closely examined. Clearly, when liquid is in contact with a
surface, heat is transferred. Therefore, it is of great importance to estimate
both the rate at which the heat is exchanged and the timescale of the event.
For instance, during a drop impact on rough surfaces, heat is transferred
during the spreading and retracting stages from a droplet to a surface. To be
more accurate, the impact event can be broken into four stages: penetration
of a liquid meniscus, spreading, retraction, and pulling the meniscus out [60].
The typical timescale for the penetration of a liquid meniscus is ~0.1 𝜇𝑠 while
the whole spreading and retraction stage spans over ~20 𝑚𝑠, which is longer
by a few orders of magnitude. Therefore, the temperature of the liquid
(meniscus) is not likely to change much during the penetration and thus
surface temperature is not expected to have a significant impact on the
impalement process. However, the spreading and retraction are much longer
processes during which the liquid temperature can drop leading to higher
viscous dissipation. Therefore, it will make it harder for the droplet to pull the
meniscus out and consequently rebound. In addition, as has been shown by
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various works [71–74], thermal properties of the substrate can play an
important role. Surfaces with high thermal conductivity will promote heat
dissipation from the liquid into the substrate.

To conclude, when looking into an impact on rough surfaces, the temperature
of the droplet before the impact is the only parameter which decides whether
a liquid meniscus will penetrate the surface texture. However, the impact
outcome (in terms of rebound and coefficient of restitution) is also influenced
by the temperature and the thermal properties of the substrate.
2.4.1.3 Additional factors affecting supercooled droplet impacts
2.4.1.3.1 Ambient pressure
When a droplet impacts a surface, the extent to which it will penetrate the
surface texture (partial or full penetration, Figure 2-12) is dictated by the droplet
inertia, liquid properties, surface capillary pressure and the surrounding air
conditions (such as compressibility of air or its drainage timescale) [42,60].

The influence of different parameters on the pressure peak (𝑝𝑚𝑎𝑥 ) during a
droplet impact on smooth surfaces is given by [60]
−4 28 16 −3 )1⁄9
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where 𝑑 is the droplet diameter, 𝑣 is the impact velocity, 𝜇𝑎𝑖𝑟 is the air viscosity,
𝜌𝑙 is the density of the droplet and γla is the liquid-air surface tension and 𝑘𝐴𝐶
is an empirical constant.

Before a droplet comes in contact with a surface, if the pressure in the
intervening gas layer is sufficient to decelerate the falling droplet, and the
droplet approaches slowly enough to allow the gas layer to deform, a dimple
will be formed at the leading edge of the droplet. For this to happen, the
pressure in the gas should become at least of the same order of magnitude as
the ambient pressure. Practically speaking, it has been shown that the ambient
pressure had a negligible effect on the drop impact events when the impact
happened in 𝑊𝑒 < 150 regimes and the ambient pressure ranged between 10
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and 101 kPa [75]. Furthermore, if physical parameters such as mass, viscosity
and so on are substituted into equation (2-28), one can see how the peak
pressure is affected by the impact velocity (𝑣 28/9 ) [60]. It is also worth noting
that surface features (i.e. various morphologies) affect the air cushioning
through varying the distribution of the pressure profile [76].

2.4.2 Freezing delay
The term “Freezing delay” typically refers to delaying the freezing time of a
liquid droplet [7]. However, another aspect which can be considered under the
same “Freezing delay” category is the time it takes an ice-free surface to
become fully covered with ice. In this case, there are additional parameters in
addition to the freezing delay of a single droplet that are brought into play.
Therefore, in the following section, two aspects of freezing delay will be
discussed, namely the freezing delay of a metastable droplet and of the entire
surface.
2.4.2.1 Delaying freezing of a droplet
The freezing process of supercooled droplets is divided into two steps,
reversible formation of ice nuclei (embryos) and irreversible growth of ice
crystal [39]. In the formation stage, water molecules spontaneously
agglomerate and form small embryos. These embryos are easily disturbed by
thermal agitations since their bonding is very weak. However, some embryos
spontaneously grow to a critical size (𝑟𝑐𝑟 ) and become thermodynamically
stable. Once the size of the embryos reaches its critical size, the second stage
starts where the nuclei continue to grow irreversibly producing a macroscopic
solid phase.

The nucleation process can proceed either in homogeneous or heterogeneous
modes. The term heterogeneous nucleation refers to nucleation that occurs on
foreign (often solid) surfaces (e.g. pollutants, salts and other foreign
substances) which expedite the nucleation process. Alternatively, without any
foreign bodies, homogeneous nucleation initiates the freezing process [39].
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As presented in the classical nucleation section earlier, the average freezing
delay time, i.e. the time taken by a supercooled droplet to form a stable nucleus
leading to its freezing, at a given temperature, is 𝜏𝑎𝑣𝑔 ∝ 1/𝐽 (equation (2-15))
where 𝐽 is the nucleation rate given by equation (2-6). Therefore, to delay
freezing, the nucleation rate must be reduced. The rate, succinctly, depends
on the droplet-substrate contact area fraction (𝛷) which is equal to the solid
fraction (𝜙) for a sessile droplet, the temperature of the substrate (𝑇𝑠𝑢𝑟 ), and
the wetting coefficient (𝑓). 𝑓 is a function of the liquid-air contact angle (𝜃𝑙𝑎 ),
radius of curvature of its roughness (𝑅𝑎 ) and surface curvature (i.e. planar,
concave or convex) as shown in Figure 2-8.
Clearly, since 𝐽 is a function of 𝛷, 𝜃𝑙𝑎 , 𝑅𝑎 and 𝑇𝑠𝑢𝑟 , so is the freezing time delay.
Owing to the strong temperature dependence of the nucleation rate, a
reduction of the temperature by one degree should result in a few orders of
magnitude increase in 𝐽, meaning the freezing events should be considerably
delayed. To support the theoretical dependence of freezing delay, Eberle et al.
[8] showed that when surfaces were kept slightly above their ice nucleation
temperature, a considerable ice nucleation delay was observed [8].

Furthermore, Figure 2-14 shows, based on the nucleation theory, how surface
wettability and temperature affect the critical activation energy required to
initiate crystallization events of sessile droplets [77]. The dashed horizontal red
line in the figure represents the energy of thermal agitations (where ‘k’ is the
Boltzmann constant and ‘T’ is the homogeneous nucleation temperature of
water). Below the line, thermal agitations are sufficient to induce the
spontaneous phase change. Above the line, stronger perturbations are
required, meaning that higher contact angles promote the freezing-point
depression better.
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Figure 2-14: Activation energy for heterogeneous nucleation initiated at the
water-solid interface for various temperatures and contact angles, reproduced
from [77].
Based on this understanding, the discussion in the following sections will be
focused on various strategies to delay the commencement of crystallization
and consequently delay ice formation
2.4.2.1.1 Surface texturing
The main concept of promoting homogeneous nucleation, which intrinsically
delays freezing, relies on the idea of diminishing the number of nucleation
sites, namely reducing the liquid-solid contact area.
From equations (2-6) and (2-9) it is clear that 𝐽 depends directly on 𝜙 and
indirectly on 𝑓 (which affects 𝛥𝐺ℎ𝑒𝑡 ). However, since 𝑓 is influenced by 𝜃𝑙𝑎 , and
𝜃𝑙𝑎 is also a function of 𝜙 (equation (2-5)), 𝐽 is affected by 𝜙 in a highly nonlinear fashion. Therefore, reduction of a solid fraction will considerably reduce
the probability to initiate nucleation and thus will delay freezing. Furthermore,
𝜃𝑙𝑎 can also be tuned by changing the molecules on the surface which interact
with the liquid phase. Specifically, applying low energy molecules will result in
higher contact angles and lead to higher critical activation energy required to
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start nucleation. In addition, with a decrease in surface free energy, texturing
can enhance non-wetting and apparent contact angles; this promotes droplet
mobility, potentially allowing droplets to roll-off before they freeze.

An additional mechanism through which a liquid-solid contact area can affect
the nucleation rate was suggested by Alizadeh et al. [77]. They proposed that
the reduction of water–surface contact area not only reduces the probability of
initiating heterogeneous nucleation but also improves the thermal insulation
between a surface and a droplet which will delay the onset of nucleation if the
surface is much colder than the droplet [78].

Furthermore, from the nucleation theory and as presented in Figure 2-8, ice
nucleation depends not only on the surface wettability, i.e. surface free energy
but also quite dramatically on the roughness radius of curvature 𝑅𝑎 . In fact, the
critical nucleation radius of an ice germ is a function of ice-water interfacial free
energy and the volumetric free energy. Once the radius of an ice germ exceeds
the critical radius, the ice embryos will be formed turning the metastable
(supercooled) water into ice. Therefore, in order to influence the nucleation
temperature, 𝑅𝑎 has to be reduced to the same order of magnitude as the
critical ice nucleus (𝑟𝑐𝑟 ), which is around 1 nm at -20 °C.
Another advantage of surface texturing can be seen when dealing with humid
environments, namely when condensation occurs. It is known that two liquid
droplets coalescing on superhydrophobic surfaces can undergo coalescenceinduced jumping [79]. However, the jumping phenomenon requires the
superhydrophobic surface morphology to be precisely controlled [80,81]. It has
been shown that the jumping phenomenon allows the condensed droplets to
remove themselves from the surfaces before they freeze which cannot be
achieved just by tilting the surfaces. The reason for this is that the condensing
droplet sizes (about 10 µm) are much smaller than the water capillary length
(𝑙𝑐 = 2.7 𝑚𝑚, equation (2-29)), meaning that the gravitational effect is
negligible.
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𝑙𝑐 = √𝛾𝑙𝑎 /𝜌𝑙 𝑔

2-29

the symbols 𝛾𝑙𝑎 , 𝜌𝑙 and 𝑔 denote the liquid-air surface tension, liquid density
and gravitational acceleration, respectively.

To conclude, surface texturing enables to reduce the liquid-surface contact
area which gives rise to various mechanisms that help to delay freezing:
diminish the number of nucleation sites, reduce liquid to surface heat transfer,
self-propelled jumping during condensation, and enhance chance for a
complete droplet removal before it can freeze.
2.4.2.1.2 Smooth surfaces
Contrary to surface texturing which intentionally roughens the surfaces, an
alternative approach to delay freezing relies on making the surfaces smooth.
The rationale behind this, as pointed out before, is to reduce the 𝑅𝑎 to the same
order of magnitude as 𝑟𝑐𝑟 . To support this, Eberle et al. [8] fabricated smooth
surfaces (roughness ~ 0.17 nm) and showed that they delay freezing just as
good as the superhydrophobic surfaces do. A further advantage of the smooth,
solid surfaces becomes clear during icing/deicing cycles since they are
considerably more robust than the textured ones [82,83].

Another approach to fabricate smooth surfaces was put forward by Wong et
al. [84]. They fabricated Slippery Liquid-Infused Porous Surfaces (SLIPS)
which offered an ultra-smooth, chemically uniform and almost defect-free
surface-air interface and showed that such surfaces could also considerably
delay freezing.
2.4.2.2 Delaying frost formation
It is a common experience that frost forms on surfaces if exposed to humid air
and their temperature is below the triple point of water and the dew point of the
air [85,86]. The frosting layer can be formed anywhere altering significantly the
surface chemistry and morphology. For instance, frosting can block the air
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pockets of textured surfaces which results in the loss of superhydrophobicity
or produces ice nucleation sites on smooth surfaces [87].

Frost can be formed on cold surfaces in two distinct pathways known as
“ablimation frosting” and “condensation frosting” [86]. In the ablimation frosting
regime, water vapour desublimates onto a cold surface forming the first ice
crystals. Then, the crystals grow through a so-called Wegener-BergeronFindeisen (WBF) process which is commonplace in the growth of clouds. In
the WBF process, the growth of the crystals is driven by the pressure
difference of water vapour between supercooled liquid and ice. Simply
speaking, water vapour is pushed from supercooled liquid to ice promoting its
propagation [88].

In the condensation frosting regime, water vapour condenses generating
micrometre size droplets which then coalesce and grow. When the
temperature of the drops is reduced to the melting temperature (𝑇𝑚 ), they may
either freeze instantly or require cooling below 𝑇𝑚 (known as supercooling or
undercooling). The reason why liquid temperature can be reduced below 𝑇𝑚 is
because most solids are crystalline and the formation of a crystal requires
atoms to move into the solid lattice structure, with associated thermodynamic
energy barrier [89].

During the supercooling stage, the liquid is in a thermodynamically metastable
state, meaning that freezing will initiate probabilistically [39]. The phase
transition process of the metastable liquid occurs in two distinct steps:
recalescence and freezing [90–92]. Recalescence is a very short (𝑂(0.01 𝑠)),
kinematically controlled process during which the temperature rises to 𝑇𝑚
(Figure 2-15). Such a quick temperature rise is caused by the rapid growth of
nuclei accompanied by the release of latent heat and not via thermal diffusion
since the diffusion rate is a considerably lower. Due to the quick nature of the
process, during the recalescence stage, the released heat is almost fully
absorbed by the metastable liquid [93].
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Figure 2-15: Images of the temperature rise of a droplet during the recalescent
freezing, reproduced from [92].
After that, the supercooled liquid is transformed into a slushy mixture of water
and ice with uniform temperature across the droplet. Then, the second,
thermally controlled freezing begins during which the remaining liquid turns
into ice. This is a slower (𝑂(10 𝑠)), heat transfer driven process (known as
Stefan-type process [89,94]) where the phase change occurs at a continuously
moving interface. Throughout this stage, the latent heat is released through
the substrate, through evaporation of the liquid phase and through convective
transport to the ambient [93,95]. The water vapour supersaturates the
environment in the vicinity of the droplet, and then it forms a frost layer around
the original droplet (Figure 2-16) [86,96].

Figure 2-16: Evaporation and condensation around a droplet during the
freezing phase. All images present a top view of a water droplet in (A)
supercooled liquid phase, (B) condensation region around the droplet, (C)
magnified segment of B, and (D) dendritic structure around the droplet,
reproduced from [96].
Following the previous discussion, frost formation is unavoidable if a cold
surface is in contact with liquid or vapour phases. A droplet resting on a cold
surface undergoes evaporation if the environment is not saturated.
Alternatively, if the environment is saturated, condensation occurs. Therefore,
ablimation, condensation freezing, or both may happen simultaneously.
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Therefore, the main effort should be focused on delaying frost proliferation
across a surface. As was mentioned earlier, the mechanisms driving the frost
propagation are vapour gradient between ice and liquid phases and
evaporation (from freezing droplets) followed by condensation combined with
desublimation.

With an array of droplets on a substrate (see Figure 2-17), typically frost
formation initiates at the corners due to the edge defects (structural, chemical,
or contamination) and then propagates across a surface [97]. There are
several parameters affecting the propagation rate: intra-drop freezing, interdroplet freezing, and jumping freezing. It is important to note that the first two
mechanisms always coexist, whereas the last one requires a specific surface
morphology and therefore is not always present [97].

The intra-droplet freezing occurs during the recalescence stage and dictates
the rate at which ice proliferates within individual droplets. The freezing rate of
this process depends on the substrate temperature and is weakly affected by
surface free energy [98]. After the recalescence stage, the inter-drop freezing
is triggered. This process is responsible for the ice phase migration between
neighbouring droplets. Specifically, after been released into a cold and humid
environment, the vapour condenses around the droplet in a circular, halo
pattern (Figure 2-16) [96]. Then, the halo can induce nucleation in the
neighbouring droplets (Figure 2-17) which will also produce halos after their
recalescent freezing phase. As a result, chain freezing which propagates in a
wavelike motion is set off [98]. Interestingly, in contrast to the propagation
velocity of the intra-droplet freezing, the velocity of the inter-droplet process is
independent of the substrate temperature but is slightly affected by surface
free energy [98]. It is important to note that the propagation velocity of frost
mainly depends on the inter-droplet freezing since it is a considerably slower
process. Yet, it should be recalled that nucleation is a probabilistic
phenomenon meaning that multiple droplets can spontaneously nucleate.
Consequently, frost formation can simultaneously initiate at different locations
increasing the propagation rate [98].
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Figure 2-17: Schematic illustration of the propagation of the freezing front by
triggering nucleation in the neighbouring droplets, reproduced from [98].
Furthermore, as mentioned above, superhydrophobic surfaces can be textured
in such a way that they promote jumping condensation. If the droplets land
back on the ice crystals, which were formed earlier on the surface, they will
start freezing and thus trigger a local chain reaction resulting in the propagation
of the freezing front [99,100]. As a result, jumping freezing may trigger
nucleation at random locations causing the frost to sweep across the surface
faster than if it had been done solely via the inter-drop freezing mechanism.
2.4.2.2.1 Surface engineering to delay frost formation
2.4.2.2.1.1 Surface morphology
In highly humid environments, superhydrophobic surfaces with a high surface
area can give rise to undesirable phenomena which may compromise the
performance of the surfaces [87]. More specifically, the increased surface-air
interface can facilitate desublimation, which increases the surface free energy
and thus leads to the loss of hydrophobicity [101] (Figure 2-18A). In addition,
the droplets condensed inside the surface texture may become trapped due to
the confinement effect [5,101] (Figure 2-18B). Thus, in certain conditions,
superhydrophobic surfaces not only may promote icing but may also start it
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within the surface features. As a result, the ice will get anchored to the surface
and enhance the ice adhesion strength [5,101].
A

B

Figure 2-18: Two sequences of snapshot images of superhydrophobic
surfaces textured with micro-posts. Image sequence (A) shows the evolution
of frost formation whereas (B) shows the growth of condensates. All images
(a) depict the dry surfaces while snapshots (b)-(d) show the evolution of the
phenomenon, reproduced from [101,102].
Following the discussion above, it is clear that it is insufficient to enlarge the
roughness (to induce superhydrophobicity) when fabricating icephobic
surfaces and additional fine control of the texture is required [97]. In
accordance with this, Bengaluru Subramanyam et al. [87] showed the
importance of controlling the surface morphology. Specifically, they have
shown that when the surface morphology was properly tuned, it could better
resist frost formation (Figure 2-19).

Figure 2-19: The SEM images depict frost formation inside the micro- and
nano-scale pockets, reproduced from [87]. It can be seen that nano-pockets
remain void while the micro-pockets are filled with frost.
Furthermore, another observation gives some additional insight into how
superhydrophobic surfaces can further retard the propagation of frost [97,100].
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As discussed earlier, frost propagation is controlled, to some extent, by the
inter-droplet freezing wave, which creates ice bridges between adjacent
droplets. Since the maximal stretch of an ice bridge is directly related to the
diameter of a freezing droplet, smaller droplets will produce shorter bridges.
Therefore, if the morphology is tuned to make sure that the separation distance
between the neighbouring droplets remains greater than the maximal length of
an ice bridge, the wave propagation will be stopped and thus the spreading of
frost will be slowed [88,100,103]. Consequently, surfaces with morphologies
that allow better spatial control of heterogeneous nucleation sites while
keeping the droplets relatively small can delay frost propagation [5].

In addition, as mentioned in section (2.4.2.1.1), the morphology of the
superhydrophobic surfaces can be tuned to induce jumping of the coalescing
droplets. However, the jumping can have an adverse effect if the droplets land
back on the surface, thus enhancing the frost propagation rate. Yet, if the angle
of tilt of surfaces is chosen right so that the droplets jump-off the surface, then
the condensed droplets will remove themselves, and therefore delay the
propagation rate.

Finally, since frost propagation also depends on the intra-drop freezing
mechanism, delaying the nucleation rate will delay frost propagation as well.
That is if the radius curvature of the roughness is properly chosen (Freezing
delay section), both the nucleation rate and the frost propagation rate can be
reduced.
2.4.2.2.1.2 Thermal conductivity
In addition to delaying the freezing of impacting (supercooled) droplets,
thermal conductivity of a substrate can also affect frost propagation rate [96].

As mentioned in the Delaying frost formation, section (2.4.2.2), the droplet
freezing starts with a flash recalescent freezing process which increases the
temperature of the liquid. Next, a much longer solidification stage begins
during which most of the latent heat is released into the substrate and vapour.
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Then, the vapour condenses around the freezing droplet in a halo pattern and
the whole freezing process repeats (Figure 2-16). Clearly, the amount of latent
heat released through evaporation depends on the amount of heat that can
escape through the substrate. In other words, increasing thermal conductivity
will decrease the amount of vapour and thus reduce the amount of
condensates. Consequently, smaller ring sizes will be developed around the
evaporating droplets [96]. Since the rate at which frost propagates between
two neighbouring droplets predominantly depends on the time it takes to build
an ice-bridge that connects the frozen and the liquid droplets, smaller
condensation rings mean a longer time to build the ice-bridges and thus lower
frost propagation rate.
2.4.2.2.1.3 Surface softness
Soft surfaces can promote both condensation and evaporation [104,105]. This
is because when the films covering a surface are soft enough, they can be
deformed by droplets locking the droplets in place so that they lose their
mobility (Figure 2-20). In addition, the deformation of the soft film reduces the
air-water interfacial area (relative to an undeformed film) which decreases the
energy of the system so that the activation barrier for nucleation is reduced.

Recently, the influence of soft surfaces on frost formation has been
investigated by Petit and Bonaccurso [106]. They tried to see if frost
propagation could be delayed through the viscoelastic braking mechanism. In
other words, they were hoping that soft surfaces will dissipate enough energy
through friction which could slow down the propagation of the ice-bridges. To
do so, they used smooth surfaces with tuneable stiffnesses (ranging from 0.3
to 2.5 MPa). They saw that the softest surfaces were the first to be covered by
frost, and thus concluded that the frost propagation is dictated by the
accumulation of vapour from the ambient environment.
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Figure 2-20: Schematic diagram of two drops on a soft (deformable) surface,
reproduced from [104]. The unbalanced vertical component of the interfacial
tension at the contact line causes the soft surface to move upward resulting in
a wetting ridge, which affects freezing of droplets.
2.4.2.3 Influence of environmental conditions
When classical nucleation theory deals with a metastable water phase resting
on a surface, it examines the difference between homogeneous and
heterogeneous nucleations and elucidates how various parameters, such as
the temperature of water or surface roughness curvature affect the nucleation.
However, the CNT does not account for the environmental conditions like
humidity, airflow or large temperature difference between the liquid phase and
the environment which can trigger homogeneous nucleation at the liquid-air
interface [42,107]. Once the crystallization is switched from solid-water to airwater interface, the surfaces no longer control the freezing delay, consequently
raising questions on the relevance and utility of icephobic surfaces. This
aspect is discussed in detail below.
2.4.2.3.1 Humidity
In the previous discussions, the temperature gradient inside the liquid phase
was ignored, and the liquid phase is at quasi-equilibrium with the environment.
Neglecting the temperature gradient inside the droplet could be justified by
employing the lumped capacitance approximation which is valid when the Biot
number (𝐵𝑖) is less than unity. The Biot number is defined as
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𝐵𝑖 =

ℎ⋅𝑑
2𝑘𝑤

2-30

where ℎ, 𝑑 and 𝑘𝑤 denote the heat-transfer coefficient between the droplet and
the surrounding, diameter of the water droplet and the thermal conductivity of
water. If approximate values of the parameters (ℎ~25 𝑊 ⁄𝑚2 𝐾, 𝑑~2 𝑚𝑚
and 𝑘𝑤 ~0.5 𝑊⁄𝑚𝐾 [108]) are substituted into equation (2-30), the outcome
will be 𝐵𝑖 ≈ 0.05 which satisfies the condition 𝐵𝑖 ≪ 1.
Despite the validity of the 𝐵𝑖 approximation, Jung et al. [107] showed that
environmental humidity and air-flow promote generation of local cold spots at
the water-air interface. Then, the spots may trigger the onset of freezing. In
essence, they showed that when a metastable droplet is present in an
unsaturated environment, the droplet will undergo evaporation which will cool
the liquid-air interface leading to a local temperature reduction. When the
temperature of the liquid-air interface is sufficiently reduced, the crystallization
mechanism will be switched from the heterogeneous (at the liquid-solid
interface) to homogeneous, and hence rendering the surface hydrophobicity
irrelevant. Therefore, the humidity and the airflow play important roles when
ice is being formed [107].

The evaporation rate parameter (𝛿) can be estimated from [107]
𝛿=

𝐷𝑣𝑎𝑝 𝜌𝑣𝑎𝑝,𝑠𝑎𝑡
(1 − 𝐶3 ) + 𝐶4 (1 − 𝐶3 )
𝜌𝑤
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where 𝐷𝑣𝑎𝑝 , 𝜌𝑣𝑎𝑝,𝑠𝑎𝑡 𝑎𝑛𝑑 𝐶3 stand for the diffusivity of water vapour in the air,
the density of saturated water vapour and 𝐶4 accounting for the airflow velocity,
respectively. In addition, it should be noted that the presence of airflow can
further enhance the evaporating rate.

To estimate the local temperature reduction, one can use the following
correlation [107]
∆𝑇 = (𝑇𝑔 − 𝑇𝑤 ) ≈ −

2∆𝐻𝑣𝑎𝑝 𝜌𝑤
𝑙
𝛿⋅
𝑀𝑑0
𝑘𝑤 + ℎ𝑣𝑎𝑝 𝑙
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where

∆𝐻𝑣𝑎𝑝 , 𝜌𝑤 , 𝑀, 𝑑0 , ∆𝑇, 𝑘𝑤 , 𝑙 and ℎ𝑣𝑎𝑝

represent

the

enthalpy

of

evaporation, the density of water, the initial diameter of a droplet, the molecular
weight, the temperature difference, the thermal conductivity of water, the
maximum height of the droplet and the heat transfer coefficient through the
vapour surrounding the droplet, respectively.
2.4.2.3.2 Mechanical shocks
The melting and freezing points of water vary with respect to the ambient
pressure. To be more specific, when the pressure decreases, the
temperatures at which the phase change occurs increase and conversely if the
pressure increases the phase change temperatures decrease (Figure 2-21).

In this regard, Kanno et al. [109] showed that if the ambient pressure is
increased to 2 kilobars, the metastable liquid temperature can be pushed down
to -90 °C, which is a considerably lower nucleation temperature than at
standard atmospheric pressure.

Figure 2-21: Phase diagram of water (the axes are not to scale).
Further studies have shown that induced mechanical shocks, for instance by
acoustic waves, can pressurize and stretch liquids. The level of deformation is
correlated with increasing drop size. The oscillations of the surface will locally
give rise to a negative pressure which may trigger homogeneous ice
nucleation at the water-air interface [110]. More specifically, Edwards and
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others have demonstrated that shock waves induced freezing of supercooled
water which was contained in small tubes [111]. A similar study carried out by
Hozumi et al. [112] also showed that ultrasonic waves can increase the
nucleation temperature by triggering homogeneous freezing at higher
temperatures compared to cases where ultrasonic waves are not
administrated. In addition, they noticed that there is a wave intensity threshold
below which the nucleation is not triggered. Specifically, they impacted
supercooled liquid with ultrasonic waves with intensities of 0.13 and 0.28
𝑊/𝑐𝑚2 . In the experiment, ultrasonic waves were administrated during the
cooling process of the liquid. They also recorded the temperature at which the
liquid nucleated without any mechanical shock, which was found to be -19 °C.
They noticed that when the applied wave intensity was not high enough (i.e.
below 0.13 𝑊/𝑐𝑚2 ), the nucleation temperature remained -19 °C. However,
once the wave intensity was increased to 0.28 𝑊/𝑐𝑚2 the nucleation occurred
earlier at -15 °C [112].

The wave intensity can be converted to pressure as follows [113]
𝐼=

∆𝑝2
2𝜌𝑐
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Where 𝐼, 𝑝, 𝜌 and 𝑐 represent the wave intensity, applied pressure, medium
density and velocity of sound. By replacing the typical values of the variables
(𝜌𝑎𝑖𝑟 = 1.225 𝑘𝑔/𝑚3 and 𝑐𝑎𝑖𝑟 = 346 𝑚/𝑠) into the equation, ∆𝑝 will be about
1.5 kPa.

When discussing humidity in section (2.4.2.3.1), various parameters including
an airflow were specified. According to equation (2-31), when droplets cool in
saturated environments, the evaporation rate is diminished and so is the
influence of the airflow. However, when air flows past objects, it not only affects
the heat and evaporation coefficients, but it also exerts pressure. The pressure
variation across a smooth sphere can be estimated by employing the Bernoulli
equation and is presented in Figure 2-22A.
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If it is assumed that the pressure distribution is the same as in the case of the
laminar flow, then the pressure change can be written as
1
2-34
𝐶𝑝 (𝑝(𝜃) − 𝑝𝑎𝑚𝑏 ) = 𝜌𝑣 2
2
where 𝐶𝑝 , 𝑝(𝜃), 𝑝𝑎𝑚𝑏 , 𝜌 and 𝑣 represent the pressure coefficient, pressure
magnitude at a certain point around a sphere, ambient pressure, air density
and air-flow velocity, respectively.

To find the corresponding airflow velocity that can apply the same magnitude
of pressure as was mentioned above, the values 1.5 kPa (𝑝(𝜃) − 𝑝𝑎𝑚𝑏 ) and
−1.2 ≤ 𝐶𝑝 ≤ 1 should be replaced into equation (2-34). Then, a quick
calculation will show that the corresponding airflow velocity is about 50 m/s.
Meaning that droplets should start nucleating if exposed to airflow with such
velocity.

However, there is an additional question to consider when drops experience
such airflow velocities; will the drops survive at all? Let’s first assume that the
droplets are not pinned and rest on a flat, smooth surface. The airflow rate
required to shed a droplet can be readily found via balancing the drag and
adhesion forces as follows [108,114]
𝜋𝑑 2
𝐶𝐷 4 (𝜌𝑣 2 /2)
𝐹𝐷
𝐶𝐷
=
= 𝑊𝑒 ⋅
𝐹𝑌 𝛾𝑙𝑎 𝜋𝑑|𝑐𝑜𝑠𝜃𝐴𝑑𝑣 − 𝑐𝑜𝑠𝜃𝑅𝑒𝑐 |
8|𝑐𝑜𝑠𝜃𝐴𝑑𝑣 − 𝑐𝑜𝑠𝜃𝑅𝑒𝑐 |
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where FD and FY are the drag and the Young forces, respectively. CD (𝑅𝑒D ) is
the drag coefficient (can be extracted from Figure 2-22B) that varies with
respect to the droplet size and the flow velocity, and 𝑑 is the droplet diameter.
𝛾𝑙𝑎 , 𝜃𝐴𝑑𝑣 and 𝜃𝑅𝑒𝑐 are the surface tension of the liquid and the advancing and
receding contact angles, respectively, and 𝑊𝑒 is the Weber number. Clearly,
if the ratio is larger than unity, the drag force will prevail, and the droplet will
start to move (equation (2-36)).
𝑊𝑒 >

8|𝑐𝑜𝑠𝜃𝐴𝑑𝑣 − 𝑐𝑜𝑠𝜃𝑅𝑒𝑐 |
𝐶𝐷
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On the other hand, if a droplet is pinned so that it cannot be easily blown away,
it will first undergo deformation and will break up when the value of 𝑊𝑒 reaches
~12 [115–117].
Table 2-3: Typical parameter values to estimate a corresponding airflow
velocity.
Parameter
𝛾𝑙𝑎 = 0.078
𝜌 = 1.39

𝑁
𝑚

𝑘𝑔
𝑚3

Meaning
Air-water surface tension at 253 K
Air density at 253 K

𝐶𝐷 ≈ 1

Drag coefficient for 103 < 𝑅𝑒D < 105

|cosθAdv − cosθRec | = 0.1

For superhydrophobic surfaces, the value is about 0.06

𝑑 = 0.5 ÷ 5 𝑚𝑚

Average raindrop diameter

To give a rough estimate of the corresponding airflow velocities, one can
substitute the typical parametric values (Table 2-3) into equation (2-36). What
can be seen is that the unpinned droplets with diameters between 0.5 and 5
mm will be removed when the airflow velocity exceeds 10 and 3 m/s,
respectively. When the droplets are pinned, they will undergo a breakup
scenario when the airflow rate exceeds 40 and 12 m/s for droplets with similar
diameters (0.5 and 5 mm), respectively.

Figure 2-22: (A) Pressure distribution around a sphere for laminar and
turbulent flows. (B) Drag coefficient (𝐶𝐷 ) for airflow across smooth spheres and
cylinders, reproduced from [108].

75

To conclude, the striking thing about mechanical shocks is that they either
induce instantaneous freezing (upon the shock administration) or the shocks
are “ineffective”. Furthermore, the extent of the required shock to initiate
nucleation depends on the degree of supercooling of the liquid [118].
Therefore, in the current work, the nucleation was not triggered by mechanical
shocks during the placement of the droplets or by any gentle vibrations.

2.4.3 Ice adhesion
2.4.3.1 Theory
Another way to promote icephobicity is to reduce the adhesion strength of ice
to surfaces so that the ice could easily detach, for instance, under its own
weight or mild wind. As a threshold value for the adhesion strength, Hejazi et
al. [13] stated (based on experimental results) that surfaces can be called
icephobic when the adhesion strength of ice is below 100 kPa.

The strength of adhesion between two surfaces is defined as the maximum
stress the surfaces can endure before being separated [119]. Clearly, the
adhesion strength is affected both by the contact area at the interface and the
interacting forces which can be classified with respect to the governing
mechanisms which are: mechanical interlocking, adsorption, surface energetic
or wetting, diffusion, electrostatic, chemical, acid-base, and weak boundary
layer [120–122]. Following, the properties of the substrate, such as roughness,
thermal conductivity, thermal expansion and elasticity can considerably affect
the adhesion strength. Furthermore, additional factors such as the age of the
ice-substrate bond, type of water and the temperature of ice can also affect
the adhesion strength.
2.4.3.1.1 Work of Adhesion
The work of adhesion (𝑊𝐴 ) is defined as the energy needed to form new
surfaces with surface free energies 𝛾𝑙𝑎 and 𝛾𝑠𝑎 , and to eliminate the old
interface with 𝛾𝑙𝑠 (see Figure 2-23). 𝑊𝐴 can be written as [120]
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𝑊𝐴 = 𝛾𝑠𝑎 + 𝛾𝑙𝑎 − 𝛾𝑙𝑠
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where 𝛾𝑙𝑎 , 𝛾𝑠𝑎 and 𝛾𝑙𝑠 stand for the interfacial free energies of the liquid-air,
solid-air and liquid-solid interfaces.

Figure 2-23: Thermodynamic work (𝑊𝐴 ) required to seperate liquid from solid
in air.
In addition, if a small volume of a liquid is placed on a solid it forms a contact
angle, then by using Young’s relation (equation (2-1)), the work of adhesion
can be expressed as [120,123]
𝑊𝐴 = 𝛾𝑙𝑎 (1 + 𝑐𝑜𝑠𝜃𝑒𝑞 )
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However, 𝜃𝑒𝑞 should be replaced with 𝜃𝑅𝑒𝑐 since the detachment energy is
related to 𝜃𝑅𝑒𝑐 whereas the energy required to bring the liquid and solid
together is related to the 𝜃𝐴𝑑𝑣 [123]. As a result, the work of adhesion required
to detach ice becomes
𝑊𝐴 = 𝛾𝑖𝑎 (1 + 𝑐𝑜𝑠𝜃𝑅𝑒𝑐 )
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where 𝛾𝑖𝑎 is the ice-air surface free energy.
2.4.3.1.2 Crack formation
From the standpoint of fracture mechanics, the key to understanding the
adhesion strength between two bonded solids lies in the mechanism of crack
initiation and propagation at their interface. Theoretically, the strength of
adhesion is governed by three forces: hydrogen bonding, direct electrostatic
and van der Waals forces. The maximum adhesion strength for van der Waals
interaction is in the range of tens of megapascals (MPa). However, such strong
adhesion is not commonly observed because of the presence of interfacial
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crack-like flaws. The size of the flaws can be divided into two categories: nano
and macro [124]. At the nano level, where the surface roughness influence can
be ignored, the formation of flaws is caused by surface chemistry.
Consequently, lowering the surface free energy facilitates the formation of
nano-cracks [125]. At the macro-scale, however, the flaws can be induced by
surface roughness, impurities, contaminants, trapped air bubbles and so on
[126]. When an external load is applied, the presence of the interfacial flaws
plays an important role since they give rise to stress concentration points that
can promote fracture.

Fundamentally, there are three fracture modes [127,128]: opening (Mode I),
in-plane shear (Mode II) and out-of-plane shear (Mode III) (Figure 2-24).

For the opening mode of a ductile material, the critical stress (𝜏cr) above which
the failure occurs is given by Griffith’s equation (2-40) [128]
2𝐸𝛾
𝜏𝑐𝑟 = √
𝜋𝑎

2-40

where 𝐸 is the Young’s modulus of the material and 𝑎 is the length of the crack
(or flaw).

Figure 2-24: Three fracture modes, reproduced from [128].
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The factor 2 in the root symbol represents the fact that two new surfaces are
formed. The expression gives the relationship between the material properties
(𝐸), the resulting interfacial free energy (2γ) and the stress required to cause
a fracture in the presence of a crack (𝑎). Furthermore, the equation clearly
shows the significance of the crack size. As its size decreases, 𝜏𝑐 increases
saturating at a maximum theoretical value, implying that cracks below a certain
size will not weaken the adhesion. It is important to note that similar expression
with 𝐺 (shear modulus) instead of 𝐸 will be obtained for fracture in mode II
[129].
To get a rough value of 𝜏cr required to delaminate ice from a rigid surface, a
few parameters should be initially modified. First, the interfacial free energy
(2𝛾) that appears in the Griffith’s equation should be replaced with an
appropriate work of adhesion given by equation (2-39). Second, to account
for the fact that two different materials are involved, the Young’s modulus
should be replaced with the apparent bulk Young’s modulus (𝐸 ∗ ) which is
typically experimentally determined. In addition, the geometry of the crack can
also affect the strength, thus a non-dimensional geometric constant Λ is added
[124,130], resulting in
𝐸 ∗ 𝑊𝐴
𝜏𝑐𝑟 = √
𝜋𝑎𝛬
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By substituting 𝐸 ∗ ~ 9.5 GPa, 𝛾𝑖𝑎 ~ 0.109 J/m2, 𝑎Λ ~ 100 𝜇𝑚 and 𝑐𝑜𝑠𝜃𝑅𝑒𝑐 =
−0.9 (for a typical superhydrophobic surface with 𝜃𝑅𝑒𝑐 ≈ 155°) into equation
(2-41), 𝜏𝑐𝑟 ~58 kPa is obtained [129].
Moreover, it is worth mentioning that the geometry of the experimental setup
plays an important role when measuring ice adhesion strength [131]. Typically,
researchers use one of the three setups presented in Figure 2-25 which
measure the adhesion strength by applying shear, centrifugal or tensile forces.
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Figure 2-25: Schematics of typical experimental setups used to measure ice
adhesion, reproduced from [131]. The methods rely on applying (A) shear and
(B) centrifugal forces to detach an ice column. Alternatively, a tensile force can
be applied to pull out a column (C).
Therefore, to account for the differences in the measuring methods, equation
(2-41) should be further modified accordingly. For instance, when using the
shear method, the width of the column (𝐿) and the height at which the force is
applied (𝑙) should appear in the equation. Therefore, the equation should be
multiplied by the (𝐿/𝑙) factor.
2.4.3.2 Strategies to lower ice adhesion strength
As mentioned before, reducing the adhesion strength of ice below 10 kPa will
allow the ice to be passively removed, [6,7]. Consequently, efforts have been
put into fabricating surfaces that facilitate ice removal. The following section
presents three strategies researchers have been following to reduce the
adhesion strength of ice.
2.4.3.2.1 Wettability tuning
It is reasonable that ice adhesion strength would scale with work of adhesion
required to detach the ice from a substrate. In fact, as far back as in the 1960s,
attempts were made to correlate the adhesion strength of ice with the work of
adhesion [132]. The challenge, however, was that sometimes materials with
the same work of adhesion had different adhesion strengths and higher values
of 𝑊𝐴 did not always correlate with higher adhesion strength. The reason for
this, as pointed out by Mittal [122], is that a clean failure at the interface
(associated with 𝑊𝐴 ) is highly uncommon. Usually, the failure takes place
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either in the interfacial region or in the bulk of the weaker material (cohesive
failure). Nevertheless, he also emphasized the strong influence of the surface
wettability, specifically interfacial free energy (𝛾𝑙𝑠 ), on the adhesion strength.
In an attempt to clarify the ambiguity around the relationship between the
surface wettability and ice adhesion strength, Meuler et al. [123] measured ice
adhesion strength on functionalized, nominally smooth steel discs. Then, the
adhesion strength of the ice was plotted against (1 + 𝑐𝑜𝑠𝜃𝑅𝑒𝑐 ) and a fitting
straight line was produced. The rationale behind fitting a straight line was that
ice adhesion could correlate with the work of adhesion (equation (2-39)). In
this case, the fitting line should pass through the origin.

However, notwithstanding the good correlation reported in [123], since the
bonding energy of H2O molecules to different solids is similar for both water
and ice [132], the strength of adhesion may also correlate with the force
required to set a sessile droplet in motion (equation (2-42)) which is
proportional to CAH. In other words, the adhesion strength may also approach
zero along with 𝐹 (or 𝛼).
𝐹 = 𝑚𝑔𝑠𝑖𝑛𝛼 = 𝜋𝑑𝛾𝑙𝑎 (𝑐𝑜𝑠𝜃𝑅𝑒𝑐 − 𝑐𝑜𝑠𝜃𝐴𝑑𝑣 )
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where 𝑚, 𝑔, 𝑑 and 𝛼 are the mass of the sessile droplet, gravitational constant,
the diameter of the contact area and the minimal angle of tilt which induces
slide-off, respectively.

Following the conclusion of Meuler et al. [123] and equation (2-41) (stating how
a crack affects the adhesion strength), surfaces that can present high 𝜃𝑟𝑒𝑐
while promoting crack formation upon freezing should reduce the adhesion
strength. Consequently, superhydrophobic surfaces with high 𝜃𝑟𝑒𝑐 and an
ability to maintain voids between the solid surface and ice during freezing
regained great interest [5,6,42,133]. To support that, Bengaluru Subramanyam
et al. [87] fabricated surfaces with various roughness scales and showed that
textured surfaces can indeed diminish the adhesion strength of ice when it is
in Cassie state.
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However, as has been pointed out by others [129,133–135], superhydrophobic
surfaces with microscale roughness pose two main problems. First, when such
surfaces are used in humid environments, their texture can be blocked by frost
and/or condensates. Consequently, not only will the hydrophobicity and
impalement resistance be hindered but also ice will build up inside the texture
[42]. Second, even in dry conditions, droplets expand when they freeze which
can push the liquid meniscus in the cavities. Thus, the roughness may act as
‘anchor sites’ enhancing the adhesion strength of ice to the surface [135–137].
Clearly, superhydrophobic surfaces with nanoscale roughness may be better
suited in humid environments [8,138].
2.4.3.2.2 Stiffness tuning
Despite the fact that Meuler et al. [123] managed to correlate the strength of
ice adhesion and 1 + 𝑐𝑜𝑠𝜃𝑅𝑒𝑐 , the relationship is still restricted to a narrow
range of surfaces which have to be metallic, smooth and hydrophobic. If one
of these parameters changes, the correlation fails. In fact, it has been known
that on plastic, hydrophobic surfaces, ice adhesion strength does not correlate
well with contact angles [132]. The reason, as can be seen in equation (2-41),
is that the adhesion strength depends also on other parameters such as the
equivalent Young’s modulus (𝐸 ∗ ).

Interestingly, it has been shown that tuning the surface stiffness for instance
by coating it with elastomers can reduce the adhesion strength of ice
[12,139,140]. The reason for this is that elastomers deform causing instability
at the ice/elastomer interface. Consequently, when enough shear force is
applied, the interface starts to wrinkle giving rise to voids and points with highstress concentration [139]. As a result, the interface undergoes delamination
much earlier (and under lower shear force) than predicted by equation (2-41)
[12,139,140]. Therefore, to obtain a more accurate estimation of the adhesion
strength between ice and elastomers, equation (2-41) must be modified.
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According to the interfacial adhesion mechanics, the shear strength required
to separate a rigid object (e.g., ice) from a soft, homogeneous, thin-film is given
by equation (2-43) [12,141].

𝜏𝑐𝑟 ∝ √

𝐺𝑊𝐴
𝑡

2-43

where 𝐺 and 𝑡 are the shear modulus and the thickness of the coating,
respectively. To reduce the critical stress, the value of 𝐺 should be reduced
and that of 𝑡 should be increased. Following this, a number of researchers
have looked into ways to fabricate coatings with low stiffness, for instance, by
using elastomers and organogels [7,12,141,142]. Interestingly, what they
observed was that the adhesion strength of ice does not depend solely on
stiffness and thickness (as shown in equation (2-43)) but also on the
smoothness of the ice-surface interface. Specifically, as pointed out by
Nosonovsky and Hejazi [129], the features at the interface can either promote
crack formation lowering the adhesion strength or lead to an inter-locking effect
which will increase the adhesion strength. Therefore, to make the performance
more consistent, they decided to fabricate surfaces with smooth interfaces.

Furthermore, it is important to note that the adhesion strength on elastomers
depends also on the applied shear rate [96]. At small shear rates, the ice can
slide on the surface for a long distance without detaching. Thus, the adhesion
strength measurements must be performed at the critical shear stress which
leads to fracture [20,131,140,143].
2.4.3.2.2.1 Facilitating crack formation
As mentioned above, the mechanism responsible for the reduction of the
adhesion strength between ice and a soft surface relies on the elasticity
mismatch between the materials which leads to deformation incompatibility.
As a result, following the interface cavitation, the fracture occurs much earlier
than it would happen in a pure shear scenario (equation (2-41)). Intuitively, the
adhesion strength would further reduce when the mismatch is increased.
Interestingly, however, equation (2-43) suggests that the adhesion strength
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between ice and soft surfaces is coupled only with the elastic modulus, surface
free energy (which has a minimum value) and thickness of the coating.
Meaning, that to reduce the adhesion strength either stiffness or thickness of
the soft surface must be modified, which often leads to durability issues [143].

Nevertheless, contrary to equation (2-43) which does not account for cracks,
equation (2-41) does show the relationship between a crack length and the
adhesion strength. Correspondingly, recently, some work has been put into
how to quicken crack initiation and propagation in soft materials [124,141,143],
which

fundamentally

relies

on

creating

surfaces

with

stiffness

inhomogeneities. Then, when a minimum force is applied, the surface would
unevenly deform creating high-stress areas which would promote crack
formation and propagation.

Accordingly, He et al. [124] fabricated a smooth, PDMS-based film that
contains voids (holes) in its bulk. They showed that the holes should be
sufficiently large to allow the film to deform creating a mismatch at the ice-film
interface [141]. An alternative way to create stiffness inhomogeneity was put
forward by Irajizad and coworkers [131,143]. Their approach relies on creating
an interface consisting of a matrix of two materials with different stiffnesses.
Both approaches were able to reduce the adhesion strength below 10 kPa.

It is important to mention that, as noted before, surface roughness can also
promote crack formation. However, similar to the outcome with the stiff,
textured superhydrophobic surfaces, soft, textured surfaces did not show good
performance in highly humid environments as well [124].
2.4.3.2.3 Toughness tuning
In parallel to the previously mentioned approach tackling the adhesion strength
through stiffness tuning, Golovin et al. [144] pointed out that extra attention
must be given to the size of the ice which needs to be removed. The reason
for this is that ice shedding can either be strength (which was assumed so far)
or toughness controlled.
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Typically, the experiments performed in laboratories deal with small areas
covered with ice. In these cases, the adhesion failure would usually occur in a
strength-controlled regime. In this regime, a crack becomes unstable when
stress reaches a critical value, generally at the tip of a crack. Then, under the
same load, the crack propagates at the speed of sound by cleavage - breaking
of atomic bonds along preferred planes (usually the one containing flaws and
impurities) [119]. Therefore, since the fracture strength is related to atomic
bonds and the stress concentration at the flaws, using materials that facilitate
interfacial flaws like those discussed before will bring the adhesion strength
down.

On the other hand, when dealing with large areas covered with ice, e.g. wind
turbine blade or aeroplane wing, the shedding typically occurs in the
toughness-controlled regime. In this regime, cracks propagate at a much
slower pace along the ice/material interface delaminating it. The propagation
is energy driven, that is, the crack advances as long as the reduction in the
total energy of the system is greater than the energy required to create new
surfaces [144]. Moreover, in this regime, the cracks are stable, and thus
additional energy input is required to force propagation [119]. The main
difference is that in this regime, the delamination can occur before the
adhesion strength has been achieved. Therefore, low interfacial shear strength
materials do not necessarily minimize the force required to shed ice.

What dictates whether the de-bonding happens through bond cleavage or
delamination is the energy balance. That is if the atomic (bond) cleave energy
is greater than that required to delaminate then the fracture will happen through
delamination and vice versa. To find out when the switch between the regimes
happens, one can compare energies or forces required to cause strength and
toughness failures. The forces (per unit width) are given by equation (2-44)
[144]
𝐹𝑖𝑐𝑒,
𝐹𝑖𝑐𝑒,

𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ

𝑡𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠

= 𝜏̂ ⋅ 𝐿

=

√2𝐸 ∗ 𝛤ℎ
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2-44

where, 𝜏̂ and 𝐿 are the uniform shear stress (per unit width) and the length of
the interface parallel to the direction of the applied force, respectively. 𝐸 ∗ is the
effective modulus of the ice, Γ is the interfacial toughness and ℎ is the
thickness of the ice layer. The equations clearly indicate that the strength
regime depends on the characteristic length-scale of the interface whereas the
toughness one does not. Furthermore, the toughness regime is affected by ℎ
yet the thickness of ice plays no role in the strength regime. Next, by equating
the forces, one can find the threshold length (𝐿𝑡ℎ = √2𝐸 ∗ Γℎ/𝜏̂ 2 ) which is when
the switch between the regimes occurs. Clearly, when the length of the
interface is larger than 𝐿𝑡ℎ , the toughness regime will be favourable and the
other way around. Accordingly, Golovin et al. [144] showed that on their
‘toughness controlled’ surfaces, the transition between the failure regimes
happens when 𝐿𝑡ℎ is somewhere between 5 and 10 cm.
In addition, it should be noted that since interfacial toughness is proportional
to coating thickness (see equation (2-45) below) whereas the strength is
inversely proportional to the thickness (equation (2-43)), fabricating low
toughness materials can be substantially different from low adhesion strength
ones.
𝜏̂ 2 𝑡
2-45
𝛤≈
2𝐺
where 𝐺 and 𝑡 are the shear modulus and the thickness of the coating,
respectively.
2.4.3.2.4 Slippery surfaces
As pointed out before in section (2.4.3.2.1), there are two main problems when
attempting to reduce ice adhesion with superhydrophobic surfaces in saturated
environments. The first one is that excessive surface area enhances the
condensation rate. The other drawback is that the condensation occurs within
the surface texture so that the condensed droplets can get trapped. Intuitively,
highly smooth surfaces can minimize the condensation rate while prohibiting
trapping of the condensed droplets.
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Furthermore, it has been known that when sufficient pressure is applied on ice,
its hexagonal structure breaks down and a water layer is formed [145]. Then,
the layer functions as a lubricant promoting slippage which allows, for instance,
easy skating on ice. Based on these ideas, slippery surfaces that have a
smooth, lubricant layer at the air-substrate interface have been developed.
2.4.3.2.4.1 Liquid infused surfaces
The first method to fabricate surfaces with a slippery surface was proposed by
Wong et al. [84]. The fabrication of the Slippery Liquid Infused Porous Surfaces
(SLIPS) consisted of two main stages: first, a substrate is textured, then an
immiscible lubricant is infused covering the texture with a thin, defect-free
(chemically and physically) layer. Clearly, the infused lubricant must be
selected in such a way that its freezing point and surface free energy are lower
than those of the liquid the surfaces are planned to repel.

The smooth nature of the SLIPS has a few advantages. First, despite having
lower CAs compared to superhydrophobic surfaces, they present exceptionally
low CAH which facilitates slide-off of droplets. Second, owing to the enhanced
lubricant mobility and absence of mechanical interlocking, the surfaces have
shown ice adhesion strength of around 15 kPa [5,146]. Interestingly, the
adhesion strength of ice has been shown to be further reduced (below 2 kPa)
when either the oils were mixed with uncured PDMS precursor or when soft,
PDMS network was used [5].

Another advantage of the liquid infused surfaces is their self-healing ability
[84], however, for this to happen, the level of the lubricant must be maintained
above the textured surface. If enough lubricant has migrated, the texture
beneath the lubricant film will be exposed giving rise to defects. The defects
introduce inhomogeneities which reduce the ability to remove droplets,
promote freezing and enhance the adhesion strength of ice. As a result, close
attention has been paid to surface design (i.e. texture and chemistry)
enhancing the lubricant retention and choosing the right lubricants. For
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instance,

Zhu

et

al.

[83]

infused

silicone

oil

into

a

porous,

poly(dimethylsiloxane) (PDMS) structure. The system was modified to
eliminate any polar groups (C=O or OH) which are known to have a strong
affinity to water. As another example, Wang et al. [147] fabricated a crosslinked network consisting of PDMS and liquid paraffin and showed that ice
adhesion remained low after 35 icing/deicing cycles.

In addition, it is worth noting that despite high viscoelastic losses during the
spreading and retracting dynamics (Figure 2-10), the impacting droplets can
be repelled if the viscosity and the thickness of the lubricant layer are carefully
tuned [148].
2.4.3.2.4.2 Self-hydrating surfaces
As mentioned above, there are a few problems with the liquid infused surfaces.
First, the surfaces are prone to lubricant depletion which may occur, for
instance, when impacted by high-velocity droplets or jets [149,150]. Second,
lubricant depletion can also be caused by multiple freezing/ de-freezing cycles.
During the freezing phase, nano-icicles are formed and expand inside the
droplet. When they expand into the lubricant layer, the layer is pushed outside
the texture. Consequently, the cyclic freezing drives the lubricant away
[149,151].

To overcome these drawbacks, a few groups came up with the idea of selfhydrating surfaces [83,145,147,152–157]. The surfaces can form an aqueous
layer by adsorbing moisture and thus do not require any further use of
lubricants. Consequently, the layer is self-replenishable so that the surfaces
showed no performance degradation after 50 icing/deicing cycles [158].

There are various ways such surfaces can be fabricated. For example, via
imbuing hydrophobic coatings with hydrated ions [152], using antifreeze
proteins which can both retain moisture and suppress formation of ice crystals
[145], use of hygroscopic polymers integrated inside the surface texture [153]
or using polymers which contain both hydrophilic and hydrophobic

88

components where the former one can absorb moisture [154]. Urata et al. [155]
prepared self-lubricated organogels by crosslinking PDMS in organic liquids.
Then, given the right environmental conditions, the liquid can be released from
the internal gel matrices creating a lubricated air-surface interface. However,
it is important to note that despite the enhanced robustness of the hydrated
surfaces, they present poor wetting properties and therefore cannot efficiently
repel or remove droplets. In addition, the self-hydrating ability of the surfaces
strongly depends on the environmental conditions and has been shown to
worsen when the environmental temperature drops below -25 °C [153].
2.4.3.2.4.3 Hybrid interfaces
An interesting idea of modifying SLIPS to harness heat energy was put forward
by Chatterjee et al. [157]. They proposed to use phase switching lubricants
(PSLs) tuned to change phase slightly above the freezing temperature of the
water. The benefit of using PSLs is that they absorb latent heat (of water)
released during condensation and freezing. Due to their poor thermal
conductivity, the temperature of the surface can locally rise by a few degrees
(which is considerably higher than on thermally conductive surfaces). If the
temperature rise is sufficient to cause localized melting, the condensed
droplets and/or frost will rest on a liquid film which is warmer than the freezing
temperature of water, thus, suppressing the inter-drop propagation mechanism
(in the Delaying frost formation section).

A slightly different approach was introduced by Irajizad et al. [156]. They
showed that instead of using organic, low surface tension lubricants, a slippery
interface can be generated by pouring low surface tension ferrofluids. The
main advantage of the ferrofluids is that they do not require any confinement
(i.e. porous substrates) to prevent drainage since they are held by a magnetic
field. Furthermore, since ferrofluids can assume multiple topographies when
appropriate magnetic fields are applied, changing the morphology can break
ice-surface bonds promoting its removal.
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2.5 De-icing
Despite the continuous development of icephobic surfaces, there are still
obstacles that prevent icephobic surfaces from replacing the traditional deicing methods (e.g. mechanical or thermal). First, the surfaces are optimized
for certain environmental conditions so once the environment changes, their
performance deteriorates. For instance, textured, superhydrophobic surfaces
can deal greatly with impacting droplets, yet in saturated environments, they
present ice adhesion strength considerably higher than smooth, viscoelastic
surfaces. Second, passive, icephobic surfaces invariably lack the ability to
remove ice once it has formed [159]. Moreover, there are additional aspects
that must be investigated before the surfaces could be used in real-life
applications. Taking the aviation as an example, aeroplane wings experience
vibrations, bombarded with dust particles and water droplets of various sizes,
and exposure to UV. In addition, aeroplanes fly in different environments that
can range from hot, dry, dusty and polluted to cold and saturated [160].
Furthermore, when aeroplanes cruise through cold, humid environments, their
de-icing systems use high heat fluxes to evaporate the impinging liquid
droplets which can lead to local hot spots [161]. Therefore, icephobic surfaces
should be mechanically and chemically robust, withstand high temperatures
and keep mitigating ice while being covered with particles. This is clearly
challenging. As a result, a considerable amount of effort has been put into
improving the efficiency of the traditional methods. The following examples will
present several attempts to design materials with dual capabilities, that is,
surfaces that synergistically combine anti- and de-icing methods.

2.5.1 Electro- and photo-thermal
One of the simplest methods to heat surfaces up is by using electricity which
is traditionally done by attaching heating pads/films to surfaces. The pads,
roughly speaking, consist of an electrical conductor clamped between two
electrically resistant laminates. Then, electricity runs through the pads and it
heats via Joule (voltage-induced) heating. There are a few aspects which
affect the efficiency of the heaters. The first is the thermal conductivity of the
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films. The generated heat should be equally distributed over the whole length
of the heater while ideally having no temperature gradient across the
laminates. Second, the electrical resistance of the heater defines how much
voltage it requires, so lowering resistance will lower the voltage. Finally, what
can enhance the thermal efficiency is if the ice layer is removed without being
entirely melted. This can happen if the ice could slide off immediately with the
appearance of the melt layer at the ice-substrate interface [162]. Following
these principles, Wang et al. [159] fabricated electrically conductive,
superhydrophobic graphene films capable of both repelling incoming droplets
and melting ice when once it has been formed.

Another approach relies on harvesting solar radiation to de-ice surfaces. To do
this efficiently, the surfaces must have spectrum-selective properties (i.e. high
solar absorptivity and low IR emissivity). Furthermore, since surfaces are
usually not uniformly illuminated, their lateral thermal conductivity should be
sufficiently high to efficiently spread heat. Finally, to minimize heat losses, the
surfaces should either be insulated at the back or have a poor thermal
conductivity in the transverse direction. Based on these ideas, Dash et al. [163]
fabricated a laminate film which could be applied on surfaces. The advantage
of the film is not only its high thermal conductivity in the lateral direction but
also low thermal inertia which reduces the time it takes for the temperature to
go up.

Recently,

fabrication

of

superhydrophobic

surfaces

that

have

both

photothermal and electrothermal abilities was presented by Su and coworkers
[164]. They used a layer-by-layer deposition process to fabricate multiwalled
carbon nanotubes that presented high CA (165°), had good electrical
conductivity and could also convert radiation into heat.

2.5.2 Magneto- and photo-thermal
Another synergistic concept was presented by Cheng et al. [165]. They
developed slippery surfaces where instead of using various silicone oils, they

91

used low surface tension ferrofluids. The advantage of using magnetic fluids
is that they can directly be applied to all types of solids and do not require any
surface pre-texturing since the fluids are held by a magnetic field. In addition,
by altering the magnetic field, the morphology of the surfaces can be
manipulated inducing surface waves that help to shed ice.

Clearly, similarly to SLIPS, the surfaces can self-heal, however, they do not
suffer the depletion problem caused by high-velocity drop impact or multiple
icing/deicing cycles. A further advantage of using ferrofluids is that the
magnetic particles enhance the amount of absorbed light (which turns into
heat) and can generate heat when the surfaces are subjected to alternating
magnetic fields. As a result, the surfaces not only can delay freezing but
enhance the deicing ability of the surfaces.

However, the obvious drawback of using ferrofluids is that they require a
constant presence of a magnetic field which can interfere with various
electronic devices. In addition, to generate the magnetic fields, dedicated
systems have to be added which consume energy and add weight.

2.6 Summary of literature and outstanding issues
The challenge of creating icephobic surfaces can already be seen through the
various requirements the surfaces must fulfil. Typically, these are divided into
three main categories: (I) repelling impacting supercooled droplets and
facilitating their removal, (II) delaying freezing of sessile droplets, and (III)
facilitating ice removal. Clearly, there may be additional requirements the
surfaces need to meet. For instance, they should be able to delay the formation
and propagation of frost when being used in humid environments.

Remarkably, metallic, superhydrophobic surfaces seem to have a very good
potential of fulfilling most of the criteria required for fabricating optimal
icephobic surfaces. First, by modifying the morphology of the surfaces, they
can readily be rendered superhydrophobic which is the most efficient way to
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repel impacting (supercooled) droplets and facilitate their removal. Second,
their low liquid-surface contact area reduces the chance of triggering
heterogeneous nucleation which delays freezing. Third, despite having been
shown by some works that nano-textured surfaces enhance condensation and
desublimation along with the ice adhesion strength, others have observed
opposite results. Namely, they saw that the surfaces presented low ice
adhesion strength (< 100 kPa) when their morphology was controlled on the
nano-level. Clarify The inconsistency between these works stems from the
ambiguity of the term ‘nano’. The reason for this is that the performance of the
nanotextured surfaces predominantly depends on the size of the nanoscale
features, specifically, the size of the asperities and the separating walls. When
the air pockets between the nanofeatures are fine enough, the resistance to
desublimation and condensation is considerably increased. Consequently,
such surfaces can retard frost formation along with reducing the ice adhesion
strength.

Furthermore, another benefit of having metal substrates is that their increased
thermal conductivity has been shown to effectively delay frost propagation.

However, despite the clear benefit of using metallic surfaces, there are still a
few issues which need to be addressed:
•

Making the texturing process sustainable. Typically, the process is
performed in harmful chemicals.

•

Examining the impact of chain mobility of the low surface free energy
molecules. The reduction of surface free energy is usually performed by
applying rigid molecules.

•

Replacing fluorinated low surface free energy molecules with
unfluorinated ones. Generally, fluorinated molecules are used due to
their lower surface free energy and superior mechanical properties. Yet,
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a detailed comparison between fluorinated and unfluorinated molecules
is missing.
•

Reducing the adhesion strength of ice. The ice adhesion strength
observed on textured surfaces is much higher than on smooth and ‘soft’
(readily deformable) surfaces.

•

Investigating the durability of the surfaces under cyclic icing/deicing
tests.
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3 Polishing and anodization (background)
In this work, aluminium was chosen as the working material. The reason for
choosing aluminium is its wide industrial use and the fact that it can easily be
anodized which is very useful since anodization allows a nano-scale control of
surface morphologies [166–168].

Before anodization, the surfaces have to be pre-treated. The pre-treatment is
typically achieved via wet chemical and/or electrochemical processes.
Naturally, before using these processes, they and their impact must be well
understood. Therefore, in this section, a brief yet comprehensive overview of
the polishing and anodization processes is presented.

3.1 Polishing
In the literature [169,170], before starting an anodization process, the
aluminium samples are always thoroughly degreased and cleaned to produce
spotless surfaces. The reason for this is that pollutants not only contaminate
the electrolyte but can also produce local electrical insulation. However, such
a simple pre-treatment process is insufficient if the desired outcome of
anodization is a uniform hexagonal pore distribution with identical pore
diameter, depth and elevation (Figure 3-2a and b). The reason for this is that
the pore distribution is affected by initial surface roughness, boundary grains
and defects which are present on the surface. All these surface imperfections
have a considerable impact on the special distribution of the pores
[167,169,171–176]. Therefore, surface planarization (polishing) must be
carried out.

There are different approaches to reduce surface roughness. These can be
categorized into mechanical, chemical and electrochemical polishing. The
most common method of pre-treating which has been used by many is
conducted in a perchloric (HClO4) and ethanol solution [171–174,177]. Despite
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the fact that this pre-treatment results in nano-scale surface roughness, the
instability of the process is its main disadvantage. The chemical reaction
produces shock-sensitive perchlorate crystals which are prone to detonation
[173]. Moreover, perchloric acid is not an environmentally friendly chemical, so
its use should be avoided. Therefore, alternative methods of surface polishing
have become more common. For instance, polishing can be performed in a
mixture of nitric (HNO3) and phosphoric (H3PO4) acids [173,178]. It is worth
pointing out, however, that the presence of nitric acid is essential. The reason
for this is that the outcome of the reaction between nitric acid and aluminium
is aluminium oxide. The rate at which the oxide film forms varies across the
surface depends on the morphology. Then, the film is dissolved in the
phosphoric acid. As a result of the simultaneous formation and dissolution
processes, the protrusions get gradually etched away which reduces the
roughness.

Alternatively, an electrochemical polishing conducted in the sodium carbonate
(Na2CO3) and trisodium phosphate (Na3PO4) solution can be employed [175].
The main benefit of this process is that it requires mild chemicals, and thus is
very safe. It is worth mentioning that the difference between chemical and
electrochemical polishing is that the chemical oxidizing agent is replaced by
an externally applied current.

3.2 Anodization
When aluminium is subjected to anodization, as the name of the process
suggests, it is connected to the anode while other less electronegative
materials (in this work, platinum gauze) are connected to the cathode. The
surfaces and platinum gauze are then placed in an electrolyte and connected
to a DC power source. In general, the anodic aluminium oxide (AAO) films can
be formed either in acidic electrolytes, such as Oxalic Acid (C2H2O4) or neutral
ones, such as oxalate (C2O4). During the electrochemical reaction, the
negatively charged ions (O2 and/or OH-) migrate to react with the aluminium
cations (Al3+) and form an oxide layer (Al2O3) [167,168,179] (Figure 3-1).
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Meanwhile, some etching occurs at the aluminium surface due to electrolyte
solving power [2]. Therefore, the anodization rate depends on the balance
between the oxide layer build-up and its gradual dissolution.

Figure 3-1: Schematic diagram of the pore formation during the anodization of
the aluminium surface, reproduced from [180].
In principle, the AAO film morphologies can be divided into two major types:
nonporous and porous. The result, whether it will be porous or not, depends
mainly on the nature of the electrolyte. Therefore, the electrolytes that do not
allow the formation of a porous barrier are referred to as ‘Barrier type’
electrolytes whereas those that allow the creation of a porous structure are
called ‘Porous type’ electrolytes [167,179]. The main application of the barrier
type electrolytes is in the fabrication of electrolytic capacitors; however, they
can also be used in protective applications [179]. Yet, in this work, the goal is
to control the surface morphology. Therefore, the focus is on the fabrication of
porous films.
The porous AAO films consist of two layers referred to as ‘Porous’ and ‘Barrier’
(Figure 3-2). The porous layer keeps growing throughout the anodization and
is usually thick, whereas the barrier layer is dense, dielectric and stays
relatively thin throughout the process. More precisely, during the anodization,
first, the barrier layer is formed. The thickness of the barrier layer depends
primarily on the composition of the electrolyte and varies directly with the
forming voltage. The layer is non-porous and can conduct current due to its
thickness and faults. Once the barrier layer has been formed and the
electrolyte has enough solving power, the pores start to form. The pores are
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cylindrical and surrounded by oxide walls and they are closed at the bottom by
a hemispherical barrier layer [179,181,182] (Figure 3-2).

Figure 3-2: Schematic diagram of (a-b) porous AAO structure. The structural
parameters; 𝐷𝑝 , 𝐷𝑖𝑛𝑡 , 𝑡𝑏 𝑎𝑛𝑑 𝑡𝑤 are the pore diameter, inter pore distance (also
known as the pitch), barrier layer thickness and the pore wall thickness,
respectively. (c−e) are SEM images of porous AAO where (c) is the top view,
(d) is the barrier layer and (e) is the bottom surface. The scale bars are 1 𝜇𝑚,
reproduced from [167].
There is no full agreement among scientists about the nature of the mechanism
of pore formation, but according to some [179,182], the formation of the porous
layer begins with a local dissolution of the barrier layer. At those points, the
current can more easily pass and thus is more concentrated. Therefore, the
local temperatures of the surface and the electrolyte rise, increasing the
dissolution rate of the barrier. Consequently, cylindrical pores with roughly
hemispherical bottoms build up. The depth of the pores (thickness of the
porous layer) increases with the electrical field and the duration of the
anodization process. Interestingly, as the formation of the porous film
progresses, the shape of the pores becomes hexagonal regardless of the
electrolyte type (as long as it is a ‘Porous type’).
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Other research [166–169] has suggested that the pore formation is due to the
mechanical stresses in the anodic oxide layer (Figure 3-3). In other words, it is
argued that the pore self-organization is a stress-driven process due to
repulsive forces at the barrier layer between neighbouring pores.

Figure 3-3: Schematic diagrams of the self-ordering stress-driven process of
pore formation. The stages of the pore growth are (a) oxide layer formation,
(b) heterogeneous pore formation under non-uniform stress at the barrier layer
and (c) steady-state pore growth under uniformly distributed stress,
reproduced from [168].
Even though the exact nature of the mechanism driving the pore formation is
not fully understood, researchers still have a relatively clear understanding of
how various parameters affect the anodization process.

3.2.1 Parametric study
As has been mentioned above, self-ordering behaviours leading to pore
structures can only be achieved within narrow processing conditions which are
also called ‘self-ordering’ regimes [183]. If the anodization takes place outside
the self-ordering regimes, the spatial ordering will drastically decrease. For
instance, if the applied voltage (or the current density) is higher than the
optimal value in a given electrolyte, the outcome will inevitably be ‘breakdown’
or ‘burning’ of the oxide layer. Therefore, firstly, the electrolyte and the working
voltages must match (Figure 3-4). It is important to note, however, that the
‘burning’ marks can also occur in the ‘self-ordering’ regimes when the current
density is not uniformly distributed across the surfaces, resulting in local high
fluxes.
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Figure 3-4: Summary of the self-ordering regimes for phosphoric, oxalic and
sulphuric electrolytes. The plotted lines show the required voltage range in
order to trigger the self-ordering phenomenon. In addition, the graph plots how
the interpore distance changes with the anodization voltage, reproduced from
[183].
As can be readily seen in Figure 3-4, once the electrolyte and voltage are
chosen, the interpore distance is largely determined, meaning that the cell size
is set as well. The relationship between the voltage and the size of the cell is
roughly linear, meaning that the cell size grows together with the voltage.
When the cell size grows, fewer units can fit into a unit of a surface area, so
the total number of pores is decreased.

Increasing the concentration of an electrolyte and/or its temperature will
directly affect its dissolving power [179,184,185]. A higher dissolution rate of
the anodic film will result in a thinner and softer film. In addition, as will be
discussed below, the pore size will grow leading to higher porosity [179].
Therefore, when producing hard coatings, the dissolving power of the
electrolyte should be maintained low. Usually, it can be achieved by keeping a
low concentration of the electrolyte and inducing vigorous agitation of the
solution in order to dissipate the generated heat. Having a proper agitation has
another advantage. During the oxide formation reaction, hydrogen is released
and should diffuse back to the electrolyte. However, the diffusion rate may be
too slow, so the hydrogen molecules will start to build up and create a dielectric
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film. Therefore, unless the molecules are constantly removed, the anodization
process may halt [167,178,186].

After the desired interpore distance has been set, the thickness of the oxide
layer (pore depth) should be defined. Clearly, the build-up rate of oxide films
is affected by current fluxes which are directly related to the applied voltage as
described in Figure 3-5b. As can be seen in the figure, the main parameters
dictating the oxide layer thickness are the process duration time and the
voltage at which the process is carried out. Initially, there is a rapid increase in
oxide thickness. However, as depicted in Figure 3-5a, as the oxide layer grows,
the dielectric barrier grows as well, thus resulting in a constant reduction of the
ionic current flux.

Under standard anodization conditions, the usual current density ranges from
5 to 300 mA/cm2. When the current density is between 5 and 30 mA/cm 2, the
process is called ‘Mild Anodization’ (MA). MA produces soft and thin films. On
the other hand, when the current density is greater than 30 mA/cm2, the
process is named ‘Hard Anodization’ (HA). During HA, the oxide film formation
is much quicker with less oxide been dissolved by the electrolyte.
Consequently, the film is harder and less porous [179,183].

It is interesting to note that during the MA process, a curious behaviour of the
current density can be observed. First, the flux skyrockets, just like in the HA
cases, then it plummets to its minimum, and finally, it recovers and converges
at a constant value Figure 3-5a. There are a few hypotheses that try to explain
the behaviour. One of these, for instance, is that the current flux plunges due
to the thickening of the initial barrier oxide, which as mentioned before, leads
to increased electrical resistance. However, due to the weaker electric field
associated with the MA, it requires time to create paths in the barrier through
which the electrolyte can penetrate. To create the paths, the current density
concentrates on local imperfections existing in the initial barrier oxide.
Consequently, the barrier locally cracks (creating pores) and the electrical
resistance is reduced leading to a gradual increase in the current [167].
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Therefore, the minimal current density is associated with the inception of the
pore formation.

Figure 3-5: (a) Typical current flux transition during anodization in oxalic acid
under potentiostatic conditions. HA can is usually carried out between
110 𝑎𝑛𝑑 150𝑉 while MA can be achieved under 40𝑉. (b) Thickness of the oxide
layer as a function of time during HA and MA, reproduced from [183].
Interestingly, if highly smooth surfaces are subjected to MA for a very long time
(up to a few days), the pores will become highly ordered. However, since such
a process requires considerable time, researches tried to find an alternative
approach.

As mentioned, the growth rate of the oxide layer depends on the anodization
type (MA or HA). During HA, the oxide layer growth is more than an order of
magnitude faster than during MA [167]. However, the drawback is in the
irregular top surfaces which happens despite the surface polishing pretreatment [169]. An alternative approach to combine HA and MA in a two-step
anodization process has been proposed by Masuda et al. [187]. First, HA is
carried out with a high voltage just below the breakdown voltage to obtain the
best self-ordered pores and saves considerable time [167]. During HA, the
pores grow to uneven heights (have various depths) but their growth imprints
the aluminium surface creating highly ordered concavities (below the barrier
layer) as can be seen in Figure 3-2a. If highly selective wet chemical etching
is applied, removing only the alumina layer without damaging the (aluminium)
concavities, the concavities will create a guidance effect for the second step of
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MA [167,169] (Figure 3-6). Therefore, the pore growth during the MA will be
uniform from the very beginning.

Figure 3-6: Schematic diagrams of the two-step anodization process. (a)
polished aluminium surface, (b) HA process resulting in uneven pores with
ordered concavities at the bottom, (c) selective chemical etching which
removes the only the oxide layer and (d) MA process leading to uniformly
ordered pore arrays, reproduced from [167,180].

103

4 Methods and experimental setups
The following section is divided into three parts. In the first part, the fabrication
process of the surfaces is presented together with the dedicated setups. In the
2nd and 3rd parts, the rigs and the process used to evaluate the performance
of the surfaces are described.

4.1 Fabrication of the surfaces
Broadly speaking, the fabrication of the surfaces comprised of two stages:
surface texturing and functionalization. The first stage of the surface texturing
process consisted of three steps. The first step varied with respect to which
morphology was required. That is, to obtain one-tier morphologies, the
surfaces were polished, while to achieve hierarchical morphologies they were
micro-textured. The second and third steps, anodization and pore widening,
did not vary with different morphologies.

The second stage, functionalization, was carried out with three types of low
surface energy molecules. The functionalization was relatively simple when
conventional molecules (FDTS and OTMS) were used, yet required a
preliminary step before applying the molecules with mobile chains (DMDES).

4.1.1 Materials
The aluminium foil, 0.5 mm (0.02 in) thick, annealed, 99.99% (metals basis)
was purchased from Alfa Aesar. All the chemicals including, acetone,
isopropanol (IPA), methanol, n-hexane, toluene, phosphoric acid, nitric acid,
sulfuric

acid,

hydrochloric

(CH3(CH2)7Si(OCH3)3),

acid,

trimethoxy(octadecyl)silane

tetraethylortho-silicate

(TEOS)

(OTMS)

(Si(OC2H5)4),

1H,1H,2H,2H-peruorodecyltrichlorosilane (FDTS) (CF3(CF2)9CH2CH2SiCl3),
dimethyldimethoxysilane (DMDES) (Si(OCH3)2(CH3)2), anhydrous oxalic acid
(C2H2O4), sodium carbonate (Na2CO3), sodium phosphate (Na3HPO4),
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palladium (II) chloride (PdCl2) and sodium hydroxide (NaOH) pellets were
purchased in reagent grade from Sigma Aldrich and used as received.

Before polishing or micro-texturing, coupons of 2 cm x 2.5 cm were cut from
the aluminium foil using a mechanical cutter. Then, the coupons were flattened
(with a hydraulic press) and extensively washed by sonicating in acetone, IPA
and deionized (DI) water for 30 minutes.

4.1.2 Polishing
The polishing process consisted of two steps: chemical polishing and
electrochemical polishing.
4.1.2.1 Chemical polishing

Figure 4-1: Schematic diagram of the chemical polishing setup, reproduced
from [188].
Figure 4-1 shows a schematic diagram of the chemical polishing setup. The
chemical solution used for the polishing comprised 15% (vol.) HNO 3 and 85%
(vol.) H3PO4. To measure the temperature of the solution, a pipette was filled
with water and placed inside the beaker. Then, a thermocouple was placed in
the water-filled pipette. Later, the beaker was placed on the hot plate (on a thin
metallic tray). A magnetic stirrer was then placed inside the solution (stirring
velocity was set to 400RPM) and the hot plate was switched on. When the
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temperature of the electrolyte reached 78 °C, a stainless-steel alligator clip
was clipped onto a sample which was submerged into the acid solution.

Based on the conducted experiments which will be presented in section 5, the
optimal duration of the etching was found to be 6 minutes. The challenge,
however, is that the hot plate provides the heat but cannot steadily keep the
solution at a certain temperature. Since the process needed to be carried out
at 80 ± 2 °C, when the temperature of the solution approached the upper limit,
it was cooled down by spraying the beaker with a small stream of water. To
prevent the water from reaching the electronics in the fume hood, a metallic
tray was placed between the beaker and hot plate.

After the chemical polishing step, the samples were removed from the solution
and rinsed in a copious amount of DI water. Then, they were dried and
subjected to electrochemical polishing.
4.1.2.2 Electrochemical polishing
Figure 4-2 shows a schematic diagram of the electrochemical setup. The
electrochemical polishing was carried out in a beaker with a solution consisting
of 16% (vol.) Na2CO3, 5% (vol.) Na3PO4 and 79% (vol.) deionised water as
recommended in [175]. Similarly to the chemical polishing, to prevent water
from contacting the electronics, a thin metallic tray was placed between the
beaker and a hotplate.

Next, the samples and a platinum gauze were attached to stainless-steel
alligator clips, then, the clips were electrically insulated with a PTFE tape.
Thereafter, the samples and the platinum gauze were connected to the anode
and cathode, respectively, and the power supply was set to a constant voltage
of 16 V.

Then, a magnetic stirrer was placed inside the solution (the stirring velocity
was set to 400RPM) and the hot plate was switched on. Similar to the chemical
polishing process, the electrochemical process was carried out at 80 ± 2 °C.
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The measurement was made by immersing a thermocouple inside a pipette
and the regulation of the temperature was achieved by sprinkling water,
respectively.

Figure 4-2: Schematic diagram of the electrochemical polishing setup,
reproduced from [188]
Once the temperature of the solution was within the required limits, both the
sample and gauze, were submerged into the solution and the power supply
was turned on. After 15 minutes of electropolishing, the power supply was
switched off, but the surfaces were left for another minute inside the solution.
Then, the surfaces were taken out and thoroughly rinsed in DI water.

4.1.3 Micro-texturing
In contrast to the polishing process, the micro-texturing procedure aims to
introduce micro-features. Therefore, this process was performed directly on
‘as-received‘ surfaces without subjecting them to polishing.

Before micro-texturing, the degreased aluminium surfaces were immersed in
an aqueous solution of sodium hydroxide (0.1 gr NaOH in 20 ml DI water) for
~3 minutes. Then, the surfaces were rinsed in DI water and immediately
immersed in a solution of palladium chloride and hydrochloric acid (0.2 gr
PdCl2, 0.6 ml HCl) in 20 ml of DI water for 5 minutes [2]. Thereafter, to remove
the etchants from the surfaces, the surfaces were sonicated for 30 minutes in
DI water.
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4.1.4 Nano-texturing (Anodization)
To obtain nanoporous and nanofiber structures, the smooth and microtextured surfaces were subjected to anodization.

Figure 4-3 shows the experimental setup used for anodization. The
anodization was conducted in a 2L jacketed beaker containing either 0.3M
H2C2O4 (oxalic acid) or 0.3M H2SO4 (sulphuric acid) electrolytes. The beaker
was placed on a magnetic stirrer plate and the solution was agitated at 500
RPM. The samples (connected to the anode) and the platinum gauze
(connected to the cathode) were held in place by stainless-steel alligator clips.
To electrically insulate the clips as much as possible, they were wrapped with
PTFE tape. Since the anodization process should be carried out at low
temperatures, the beaker was connected to a refrigeration unit which was set
at 0 °C. To measure the temperature of the electrolyte, a thermocouple was
placed in a small pipette filled with DI water, then the pipette was submerged
in the electrolyte.

Figure 4-3: Schematic diagram of the anodization setup, reproduced from
[188].
When the temperature of the electrolyte went below 4 °C, both the samples
and platinum gauze were submerged, and the power supply was switched on.
When anodization took place in oxalic acid, the power supply was set to

108

provide a constant voltage of 120 V for HA. The duration of the process was
1hr. When the anodization was carried out in sulphuric acid, the voltage was
set to 19 V and the duration of the process was 1hr. It should be mentioned
that at the beginning of the HA anodization process, the temperature of the
electrolyte rose to about 8 °C, but then, it gradually decreased back to ~4 °C.

After the process was complete, the power supply was turned off and the
anodized surfaces were taken out. Then, to remove the electrolyte from the
surfaces, they were thoroughly rinsed in DI.

4.1.5 Pore widening
After the anodization process, the surfaces were immersed in the 0.3M H 3PO4
solution at room temperature. Next, as illustrated in Figure 4-4, the solution
was positioned on a magnetic stirrer plate and the stirrer was set to 400RPM.

In general, to make the pores wider, the duration of the etching must be
increased. If the etching continuous beyond a certain time, fibrous structures
will start to appear. Importantly, since the time required to achieve certain
features depends on the anodization parameters, the etching durations must
separately be tuned for HA in oxalic and MA in sulfuric electrolytes.

Figure 4-4: Schematic diagram of the pore widening setup, reproduced from
[188].
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For hard-anodized surfaces in oxalic acid, the etching duration leading to
different pore sizes was between 60 and 120 minutes. When the etching was
pushed beyond 120 minutes, fibrous structures started to appear. After 180
minutes of etching, the whole surface was covered with fibres. For surfaces
anodized in sulfuric acid, the etching time window was much more narrow. 15
minutes of etching led to porous morphology while etching for 30 minutes
resulted in fibrous structures.

After achieving the desired morphology, the samples were removed and
thoroughly rinsed in DI water.

4.1.6 Surface functionalisation
To reduce the surface free energy, all surfaces (textured, smooth and ‘asreceived‘) were functionalized with one of the three low surface free energy
molecule types: FDTS, OTMS and DMDES.

To functionalize with FDTS or OTMS molecules, a simple liquid deposition
method was performed. That is, the surfaces were immersed in 20 ml hexane
solution of silanes (FDTS, 20 µl or OTMS, 170 µl) for 2 hrs followed by curing
at 110 °C for 1 hr. Then the surfaces were rinsed in toluene and dried again
for 15 minutes at 110 °C.

In contrast to the functionalization with FDTS and OTMS molecules, prior to
functionalizing with DMDES oligomers, alumina surfaces were covered with a
thin layer of silica. For that, a solution comprising 59% v/v DI, 39% v/v
methanol, 2% v/v of TEOS and a few droplets of HCl (to prompt the reaction)
was prepared [189]. Next, the anodic aluminium oxide (AAO) surfaces were
immersed in the solution for 1 hour at room temperature. Then, to remove the
excessive layer of TEOS, the coupons were spun at 1000 RPM for 1 minute.
Finally, the surfaces were placed for 1 hour on a hot plate set to 80°C.
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Thereafter, the surfaces were functionalized with DMDES molecules. The
functionalization process was adopted from [190], however, the duration of the
steps (i.e. dipping and polymerization) was modified. The process was carried
out in a solution of IPA and sulfuric acid. Before the use, the solution was well
stirred and left to stand for 30 minutes at room temperature. Then, the surfaces
were immersed in the solution for 2 hours, followed by a 2-hour polymerization
step also performed at room temperature. Next, the surfaces were dried on a
hotplate set to 120 °C for half an hour. After the drying step, the substrates
were rinsed in DI water, IPA and toluene, and dried again at 120 °C for ~15
minutes.

4.1.7 Hardware
To support the chemical and electrochemical processes, the following
components were used: Stainless steel crocodile clips (Mueller, 10A), PTFE
thread seal tape, 7.5 ml transfer pipets, 2000ml jacketed glass beaker
(PYREX), Datalogger/Thermometer with K-type thermocouples (HH506RA),
EA-PSI 5200-04 A power supply and Julabo FP-50 chiller (with thermal H5
bath fluid).

4.2 Evaluation of the surfaces at room temperature
4.2.1 Surface wettability test
The setup used to measure contact angles (CA), contact angle hysteresis
(CAH) is schematically presented in Figure 4-5. To measure the CA and CAH,
the clamp was lowered until droplets suspended from the nozzle touched the
surface of a test sample. For static CA measurements, images of droplets
resting on a surface (contact line) were taken and analysed in MATLAB. For
CAH measurements, a droplet, located between the nozzle and a surface, was
initially inflated and then deflated. During the whole process, a video was
recorded. Afterwards, snapshots of the growing (advancing CA) and
diminishing droplet (receding CA) were taken from the video. Those images
were then also analysed in MATLAB.
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Figure 4-5: Schematic diagram of the setup used to measure contact angles,
contact angle hysteresis and also for drop impact experiments.

4.2.2 Drop impact test
The setup used for the drop impact experiments is schematically described in
Figure 4-5. Before the experiments, the clamp was fixed at the desired height.
Then, DI water was slowly pumped through the nozzle so that single droplets
(diameter of ~2.5 mm) were released. To increase or decrease the impact
velocity, the clamp was moved up or down, accordingly. The highest impact
velocity achieved in this experiment was ~3.2 m/s (We~300), for droplets
released from 60 cm height. Beyond this height, the precision of the impact
location was insufficient (due to gentle air movement in the laboratory) making
it difficult to fit the spreading droplets onto the substrates.

During the experiment, all drop impact events were recorded (side-view) with
a high-speed camera at 10,000 fps and then visually inspected to see whether
the drops had fully rebounded or not. The image sequences presented in
Figure 4-6 show full-, partial- and no-rebound outcome scenarios observed
during the drop impact experiments. The first two stages in all scenarios, the
impact and the spreading, are similar. The difference between (A), (B) and (C)
starts becoming visible during the jet formation stage where a solid connection
between the upgoing liquid and the surface is seen in (B) and (C). Then, in the
last stage, in sequence (A) none of the liquid is remains connected, in (B) some
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liquid remains pinned (B), and in (C) the whole droplet remains in contact with
the surface. It is important to note that the out of focus droplets form during the
shrinking stage of the lamella and do not indicate pinning.

Figure 4-6: The outcome scenarios observed during the drop impact
experiments. The images illustrate four stages; impact (0 ms), maximum
spreading (2.5 ms), jet formation (12.5 ms) and rebound (37.5 ms). Sequence
A shows a full rebound, where all liquid recoils and nothing is left at the impact
location. The small droplets seen bouncing around the main droplet are formed
during the shrinking stage of the lamella through a phenomenon known as
receding break-up. Sequence B presents partial rebound, where some liquid
remains pinned to the surface at the impact location (red, dash circle) during
the rebound stage. Sequence C shows full pinning, where the whole droplet
remains in full contact with a surface.
To make the distinction between the scenarios simpler, all outcomes were
categorised either as a rebound or pinning. In other words, scenarios (B) and
(C) were merged and defined as ‘pinned‘.
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Furthermore, it is worth mentioning that the impact velocity was calculated
from the high-speed camera videos. Specifically, by knowing the imaging rate
(10,000 fps) and the pixel to length relationship (by placing a ruler at the droplet
plane), the impact velocities could readily be calculated. In parallel to these
calculations, the impact velocity was also estimated in MATLAB by solving a
set of coupled ordinary differential equations (ODE).

4.2.3 Jet impingement test
The setup used for jet impact tests is schematically described in Figure 4-7.
Before the experiments, the surfaces were placed on the stage. Next, a syringe
with a 0.5 mm nozzle (internal diameter) was filled up with DI water and
clamped so that the distance between the nozzle and the surfaces was ~ 2
cm. Thereafter, a piston was placed at the other side of the syringe, and the
side was connected to a nitrogen tank. Then, to change the velocity of the
water jet, the pressure of the nitrogen supply was regulated.

Figure 4-7: Schematic diagram of the ‘jet impingement’ setup. The inset on the
right

is

a

magnified

drawing

of

the

syringe

and

the

nozzle

where 𝐷𝑆,𝑖𝑛 , 𝐷𝑆,𝑜𝑢𝑡 𝑎𝑛𝑑 𝐷𝑁,𝑖𝑛 represent the syringe internal, syringe external and
nozzle external diameters, respectively.
Figure 4-8 shows different stages of the jet impingement experiment. Before
the experiment, the surfaces were positioned at ~8° so that droplets could
easily roll-off. Then, as shown in (A), 10 µl droplets were placed around the
expected impact location making sure that all droplets roll-off. Then, as
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presented in (B), the jet was introduced, however, in the beginning, the velocity
profile of the jet is developing and therefore the flow is not uniform. Therefore,
a hydrophobic surface (cutter) was used to ricochet the developing jet (B1).
Next, the cutter was removed allowing the jet to impact the surfaces (B2). The
whole impact event lasted for about a second since the main point was to see
if impalement occurs without causing any mechanical degradation. Then, to
avoid the blowdown effect which can remove the pinned liquid from the
surface, the jet was cut again (B3). Finally, to see if impalement occurred,
multiple drops were positioned around the impact location (C). If all droplets
rolled-off (Figure 4-9A), ‘no-penetration‘ was defined.

Figure 4-8: Image collage showing various stages of a jet impingement test.
A) droplet mobility test (performed before introducing the jet). B) jet
impingement test where B1 – allowing the jet to become fully developed, B2 –
hitting the surfaces with the jet and B3 – avoiding the blowdown effect. C –
positioning droplets at the impact location to see whether any droplets get
pinned (assessing lack of liquid impalement during jet impact).
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Figure 4-9: Image sequences showing two jet impingement outcome
scenarios. The first images show the drop mobility test performed before the
jet. Then, the surfaces are hit by a jet. Next, multiple droplets are placed
around the impact location. Finally, if all droplets rolled-off (A4), it was
considered no-impalement, otherwise the surfaces were assumed to fail at
repelling the jet (B4).
It is worth noting that before running the experiments, the setup had to be
calibrated. As mentioned above, the way to vary the velocity of the water jets
is by regulating the nitrogen pressure, which can be done in increments of 0.5
bar. Hence, before commencing the experiments, the relationship between the
backpressure and the jet velocity was established. To this end, first, the
operating pressure was set to a certain value, then the movement of the piston
was recorded with the high-speed camera. The external diameter of the
syringe (𝐷𝑆,𝑜𝑢𝑡 ) provided the length to pixel ratio while the recording rate of the
camera gave the time scale. Next, to calculate the velocity of the piston, the
travelled distance between two frames was divided by the time difference
between them. Then, the jet velocity was calculated from the continuity
equation:
𝑣Jet ∙ 𝐷2 𝑁,𝑖𝑛 = 𝑣𝑝𝑖𝑠𝑡𝑜𝑛 ∙ 𝐷2 𝑆,𝑖𝑛

4-1

where 𝑣Jet , 𝑣piston , 𝐷𝑁,𝑖𝑛 and 𝐷𝑆,𝑖𝑛 are the velocity of the water jet, the velocity of
the piston, the internal diameter of the nozzle and the internal diameter of the
syringe respectively. Finally, the velocities of the jets were calculated.
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4.2.4 Mechanical robustness test
To evaluate the mechanical durability of the functionalization, a modified
ASTM D3359-17 standard [191] was followed. The standard specifies which
duct tapes can be used in terms of their adhesion strength and softness. In
addition, it specifies how long the tape must dwell after being applied, and how
it is to be peeled off (at what angle).

Furthermore, the standard suggests following the next steps. First creating
cross-hatch engravings on the coatings. Second, applying a tape with a roller
which has a defined mass, and letting the tape dwell for 30 seconds. Finally,
peeling the tape off and estimating how much coating came off [192].

However, there are two problems with closely following such a procedure.
First, unlike the coating, the functionalization layer is very thin (a few
nanometers), thus estimating the percentage of the peeled off molecules is
practically impossible. Second, creating a hatched pattern would damage the
surface. This is important since the evaluation of the surfaces is based on the
measurement of CAs meaning that the droplets would pin regardless of
whether the molecules came off with the duct tape or not.

As a result, the ASTM D3359-17 standard was slightly modified. Specifically,
the creation of the hatch engravings and attempt to estimate how much of the
polymer (functionalization) came off was abandoned.
The test started with applying a standard pressure-sensitive tape (3MTMVHBTM
tape 5952 with adhesive peel strength of 3900 N/m). To apply the tape, a roller
with a mass of 2100 g was used. After applying the tape, it was left for 30
seconds, followed by a 90° peel test as illustrated in [193]. Then, after every
10 peel cycles, advancing and receding contact angles were measured.
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Since the surface are very rough with low surface fraction, using regular (stiff)
duct tapes did not work since they did not stick well. Therefore, the test was
perform with a soft duct tape that slowly creeps into the surface texture. As a
result,

4.2.5 Chemical stability test
The chemical stability test was performed in acidic (pH 2-3) and basic (pH 1011) aqueous solutions. The test surfaces were immersed for various time
periods, rinsed in DI water and dried. Then, advancing and receding contact
angles were measured and the surfaces were immersed again in the
corresponding solutions.

4.2.6 Hardware
The tips used in the setup were purchased from Nordson. The orange tip (inner
diameter 0.33 mm) was used in the drop impact, CA and CAH experiments.
The purple tip (inner diameter 0.51 mm) was used in the jet impingement
experiment.

The optical hardware is OSL2 light source (ThorLabs), Ground Glass Diffuser,
120 Grit (ThorLabs) and Phantom V411 high-speed camera. The standard
camera consists of the MVL7000 lens (ThorLabs) and GXCAM-U3 series 5MP
sensor (GT Vision).
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4.3 Evaluation of the surfaces at sub-zero temperatures
4.3.1 Cooling chamber
The cooling chamber consists of two separate parts: a base and a cover.
Figure 4-10 presents the design of the base. The main consideration when
building the base was that it must promote an efficient heat exchange inside
the chamber while keeping the interior part thermally insulated from the frame
(1) and room environment. Therefore, a 10 mm thick Teflon plate, which is
robust and has low thermal conductivity (10 W/m K), was used. Thereafter, to
control the ambient temperature inside the chamber, a liquid-air heat
exchanger (UK Exchangers) (3) was mounted onto the plate. Next, to create
an airflow through the heat exchanger and induce air circulation inside the
chambers, 4 fans (4) were placed under the heat exchanger. To accommodate
the test surfaces, an aluminium rotary stage (5) was positioned above the heat
exchanger. The stage can fit up to 8 test-surfaces simultaneously, thus
allowing testing multiple surfaces in a single experimental run. The reason for
making the stage of aluminium is that it helps to make sure that all test surfaces
have similar temperatures. At last, a Teflon shaft (6) was pushed through the
stage into a ring fitted to the base. Then, the stage was tightly fastened to the
shaft so that the shaft and the stage spin together.

Furthermore, to allow separate temperature control of the test-surfaces, two
Peltier modules (7) were employed. However, due to their fragility, the modules
were locked between two aluminium plates which were built in such a way that
the modules do not touch each other. The whole configuration (the modules
and plates) was placed between the rotary stage and the heat exchanger and
care was taken to make sure that the contact between the components is good.
Consequently, the heat conduction from the heat exchanger to the stage can
be tuned by the modules. It should be noted, that the Peltier modules require
high currents, therefore they were connected to a high-current power source.
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Next, the inlet and outlet pipes of the heat exchanger (8) were connected to a
powerful chiller. To improve the heat conduction between any immobile
surfaces, a thermal paste was applied.

Furthermore, to monitor the temperatures and humidity inside the chamber,
thermocouples and humidity sensors were integrated and connected to a data
acquisition system. The system comprises voltage and thermocouple
dataloggers plugged into a Compact DAQ chassis (all purchased from National
Instruments), and an in-house LabView code.

Finally, to record the experiments, a standard web camera and a light source
were installed.

Figure 4-10: Schematic diagram of the base of the cooling chamber. The
numbers represent different parts of the base: (1) aluminium frame, (2) base
plate, (3) liquid-air heat exchanger, (4) fans, (5) rotary stage, (6) shaft, (7)
exploded view of the Peltier modules inside an aluminium case and (8) coolant
inlet/outlet. The red and green dots represent the locations of thermocouples
and humidity sensors, respectively, reproduced from [194].
The advantage of building the universal base is that it allows a quick change
between different setups simply by replacing the lids. Specifically, in this work,
the performance of the surface was evaluated in terms of ice adhesion strength
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and freezing delay. Both evaluation tests were carried out in the chamber
presented in Figure 4-11. However, in order to perform other experiments,
such as drop impact or drop mobility, different lids need to be used. To this
end, the lids were built and their design is described in the Appendix.

Figure 4-11: Schematic diagram of the ‘ice adhesion’ setup: (1) force sensor,
(2) shaft, (3) motorised linear stage, (4) supporting bracket, (5) supporting
shaft, (6) access opening, and (7) cuvette, reproduced from [194].
As mentioned, Figure 4-11 shows the design of the setup used for the ice
adhesion and freezing delay experiments. To minimize heat loss, a doublewalled lid with a 10 mm gap between the walls was built. The walls are made
of 5 mm thick transparent Perspex which has poor thermal conductivity ~0.2
W/m K.

As presented in Figure 4-11, to measure the applied force during the ice
adhesion experiments, a force sensor (1) was connected to a shaft (2) and
was inserted through an opening in the side of the lid. Then, the shaft was
connected to a motorised linear stage (3) (Thorlabs PT3-Z8). The hole in the
lid and the motorized stage were aligned by using a supporting bracket (4) so
that the sensor could go just over the rotary stage touching only the frozen
columns. To avoid spinning of the rotary stage while force is applied, it was
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secured by an additional supporting shaft (5) which is inserted into one of the
holes at the rim of the rotary stage.

Furthermore, the same lid was used for the freezing delay experiments.
However, instead of installing all the components specified above (1 to 5), all
openings required to insert the shafts were temporarily sealed.

4.3.2 Ice adhesion strength test
All experiments started with placing the surfaces on the rotary stage, thereafter
the lid was shut and secured to the base. Then, the temperature of the
chamber was rapidly brought to -15 °C. Next, a cuvette was inserted through
the access opening (Figure 4-11, (6)) and gently positioned on the surface.
Then, some DI water (about 30-40 µl) was slowly dripped inside so that the
water was contained inside the cuvette. Once the water inside the cuvette
froze, the cuvette was filled up with more DI water. The reason behind splitting
the filling process into two steps is that the cuvettes are not attached to the
surfaces. Therefore, what prevented the water from leaking out of the cuvette
is the capillary force at the cuvette-surface contact line. In other words, if too
much water is poured, the hydrostatic pressure will push the water out
increasing the ice-surface contact area.

Once a cuvette was filled up with water, the rotary stage was turned and the
process repeated with the next cuvette until 8 cuvettes were positioned on the
stage (Figure 4-12B). Next, the cuvettes were dislodged. During the process,
the cuvettes were pushed by a piston and the applied force was recorded. A
characteristic profile of the applied force is presented in (Figure 4-12C). At first,
the piston approaches the cuvette so no force is measured. Then, the piston
touches the cuvette and the applied force is gradually increased. The force
keeps climbing up until the cuvette is dislodged which is when the applied force
abruptly falls. Thereafter, the cuvette is pushed for some distance on the
surface.
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The sensitivity of the used force meter is 0.05N and the operating range is
between 0.5 and 100N. Beyond this range, the measurements are not precise.
This explains, for instance, why the meter did not detect any friction resistance
while the cuvettes were pushed on the surfaces.

Figure 4-12: Image (A) shows a cuvette with a thermocouple inside used to
measure how long it takes the ice to reach -15 °C, (B) shows multiple cuvettes
positioned on a rotary stage, and (C) presents a characteristic plot of force as
a function of time as measured by the force meter.
It is important to note that the experiments did not start immediately with
freezing of the water. The reason for this, as mentioned in the literature review,
is that the adhesion strength of ice changes with temperature. Therefore, the
time it takes the ice to reach -15 °C was found out first. For that, a
thermocouple was inserted inside a cuvette (Figure 4-12A). Then, the cuvette
was filled with DI water (following the filling procedure described above). It was
found to take about 30 minutes for the ice to reach -15 °C. As a result, the
cuvettes were dislodged 1 hour after being filled.
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4.3.3 Freezing delay test
The freezing experiments started by placing the surfaces on the rotary stage,
then the lid was lowered and secured to the base. Next, the temperature of the
chamber was rapidly brought to 0 °C. When the ambient and the surface
temperatures were ~0 °C, 15 µl droplets were gently placed on the surfaces.
Then, the temperature of the chamber was slowly reduced from 0 to -16 °C at
a rate of ~0.3 °C/min. This was done to ensure a gentle, quasi-steady cooling
process during the temperature reduction stage which helps to avoid any
appreciable thermal gradients between the droplets and the surrounding.

Figure 4-13: Snapshot from a video of a freezing delay experiment. The liquid
and frozen droplets have different shades of grey, that is transparent and
opaque white, respectively.
To identify when the freezing of the droplets occurred, the entire process was
top-view recorded with a web camera. Then, the videos were analysed, and
freezing times were extracted. A snapshot from a freezing delay video is
presented in Figure 4-13 showing the visual difference between the liquid and

124

frozen droplets. When the droplets freeze, they turn from transparent to
opaque white. It is important to note that it was not necessary to pinpoint
exactly when the nucleation happened because of the time scale. That is, the
time scale of the freezing delay is minutes while the freezing process
(recalescence and freezing) is in order of seconds.

Furthermore, the relative humidity, ambient and stage temperatures inside the
cooling chamber were measured with multiple humidity sensors and
thermocouples, and their locations are presented in Figure 4-10. The signals
were sampled at 1 Hz (via LabView software) and the average of their values
is presented in Figure 4-14. In the figure, time 0 is defined as the point when
the ambient temperature reached 0 °C which was when the droplet deposition
began. As mentioned, before starting the experiment, the chamber was rapidly
cooled, and owing to the thermal inertia of the stage resulted in a few degrees
difference between the stage and the ambient temperatures. After the
deposition of the droplets which took around 15 minutes, the cooling rate was
reduced so that the temperature difference was constantly maintained below
0.5 °C. In addition, Figure 4-14 shows a slight rise in relative humidity. The
reason for this is that the droplets evaporate rapidly with the deposition since
the saturation vapour pressure at the droplet-air interface is higher than the
vapour pressure inside the chamber.

It is important to note that at the end of the deposition process, the
temperatures inside the chamber were ~ -3 °C while the first droplets froze
when the temperatures were below -5 °C, which happened more than 5
minutes after the deposition ended. This means that droplet freezing was not
triggered by the process itself.

Furthermore, it is worth mentioning that the relative humidity is determined by
the temperature of the heat exchanger which is the coldest element inside the
chamber. Therefore, the ambient air is always saturated with respect to the
exchanger temperature. During the cooling stage, the heat losses to the room
grow. As a result of that, the difference between the exchanger and the
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ambient temperatures grows as well. Thus, the relative humidity reduced from
~85% to ~60%.

Figure 4-14: Temperature and humidity profiles during a freezing delay
experiment. The red and the black lines show the variation of the stage (and
the droplet) and the ambient temperatures whereas the blue line shows the
relative humidity. The assistant dash lines show when the temperature
reached -15 and -16 °C.
Moreover, the cooling of the chamber ended after ~130 minutes when the
ambient and stage temperatures converged to -16 °C. After that, the
temperatures were kept at -16 °C for another 20 minutes. Then the experiment
was terminated. The reason for terminating the experiment is that throughout
the test the volume of the droplets gradually decreases (Figure 4-15). After
150 minutes, the volume of the droplets reduces by ~50% (to about 7÷8 µl)
which reduces the probability for nucleation [195] and thus extends the
average freezing delay time. Accordingly, it was observed that most of the
droplets that did not freeze within the first 150 minutes kept shrinking and
remained liquid for a few more hours. Consequently, when the freezing delay
times of those droplets were plotted together with the values (e.g. as in section
(7.2)).
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As mentioned above and presented in Figure 4-15, the volume of the droplets
changes throughout the freezing delay experiments until the droplets begin to
freeze. During the freezing stage, the volume increases by about 10% relative
to the volume of the liquid phase estimated seconds before. To estimate the
change, a side-view video of a droplet (placed on 𝜇𝑛𝑓 surface functionalized
with FDTS) was recorded. Then, snapshots were taken every 10 minutes.
Next, the images were filtered in ImageJ and the volume of the droplet was
calculated in MATLAB. The two main assumptions for the estimation were that
the evaporation happened in a constant contact angle (CCA) mode, which is
usually the case for the superhydrophobic surfaces [196–198], and that the
droplet is rotationally symmetric with respect to the vertical axis.

Figure 4-15: Volume variation of a droplet placed on a superhydrophobic
surface during a freezing delay experiment. The square symbols represent the
volume ratio between the measured volume and the initial volume while the
auxiliary dash line shows the trend. The error bars represent the calculation
error taken as ±5% of the value. The green, cyan and purple insets show the
droplets at 2, 112 and 117 minutes, respectively.
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It is important to emphasize, however, that the main point of this exercise is
not to accurately calculate the volume of the droplet at each stage but to show
that the droplets rapidly evaporate which affects the freezing delay.

4.3.4 Hardware
The following components are used in the cooling chamber setup: ARCTIC Thermal Pad (Silicone-Based), Electrolube - none silicone thermal grease,
standard yellow pipette Tip (2-200 µl), custom made heat exchanger (UK
Exchangers, order number P1805368), ARX CeraDyna Series Axial Fans,
Blower (CeraDyna Series), Aim-TTi QPX1200S Bench Power Supply, EA-PSI
5200-04 A power supply, sealed Peltier modules (1) 20 W, 8.5 A, 3.8 V, 20 x
20 mm from Adaptive and 68.8 W, 8.5 A, 15.4 V, 40 x 40 mm from Laird
Technologies, K Type Thermocouple 5m Probes (-75 to +250 °C), 3-Pin
Honeywell HIH4000-001 Humidity Sensor (-40 to +85 °C), TE Connectivity
Voltage Compression Load Cell, Julabo FP-52 chiller (thermal H5 low viscosity
bath fluid down to -50 °C).

Data acquisition components were purchased from National Instruments. The
components

are

as

follows: Compact

DAQ

Chassis

(cDAQ-9174),

Temperature Input Module (NI-9213), Voltage Output Module (NI-9263),
Analog Input Module (NI 9209).
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5 Sustainable and controlled texturing of
aluminium surfaces1
The goals of this chapter can broadly be divided into two. The first is to
establish a texturing method of aluminium surfaces with an emphasis on the
scalability and sustainability of the process. The second is to fabricate surfaces
with various morphologies and identify those that have the best performance
in terms of static and dynamic wettability (i.e. contact angles, contact angle
hysteresis and drop impact resistance).

5.1 One-tier morphology
The first attempt in this work was to fabricate surfaces with one-tier features.
To make sure that the features have the same height, the natural roughness
of the untreated aluminium surfaces had to be removed. There are various
ways to do this, yet, as described in section (3.1), the drawback of most of the
scalable polishing techniques is that they require the use of volatile and
hazardous chemicals like perchloric acid. Therefore, the first goal in this work
was to develop an environmentally friendly polishing process which makes
aluminium surfaces as smooth as possible.

Before embarking on the surface polishing, the importance of thoroughly
degreasing the surfaces must be stressed. The reason is that oils, fats and
grease

are

usually

chemically

and

electrically

resistant

[178,179],

consequently any excess of these will hamper the polishing process.
Therefore, the aluminium coupons were first degreased following a standard
process which employs polar and non-polar solvents. Specifically, the surfaces
were sonicated in acetone, then in isopropanol and finally rinsed in deionized
(DI) water. Each step took roughly 10 minutes.

1

Elements of this chapter were published in a peer reviewed journal and presented in
international conferences.
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5.1.1 Surface polishing
A polishing process performed in benign and environmentally friendly
chemicals was developed. The process, as described in section (4.1.2),
consists of two steps. The aim of the first step is to perform coarse polishing
while the second step is aimed to refine the resulting roughness leading to
mirror polishing. To optimize the polishing process, a detailed parametric study
for each stage was carried out.

First, the duration of the chemical polishing together with the temperature and
the stirring velocity of the solution were optimized. During the optimization, the
concentration of the solution consisting of phosphoric and nitric acids (6:1 by
volume) was used. Then, the duration of the process varied between 1 and 30
minutes while the temperature and the stirring were kept constant at 80±2 °C
and ~300 RPM, respectively. The observations showed that the optimal
polishing time was about 6 minutes. When the polishing time was too short,
the surfaces remained rough (Figure 5-1B) while long times led to the
formation of microcracks (Figure 5-1D). Furthermore, it should be pointed out
that extensive polishing times considerably reduced the total thickens of the
aluminium substrates making them too thin and therefore very hard to work
with.

Next, the influence of the temperature was examined. For that, the
temperature of the solution varied between 70 and 95 °C while the duration
and the stirring rate were 6 minutes and ~300 RPM, respectively. As one would
expect, the outcome of the temperature optimization was somewhat similar to
that achieved during the optimization of the duration times, meaning that the
temperature of the solution and are directly related. Therefore, when the
temperature of the solution was below 70 °C, the polishing rate was reduced
so that the duration of the process had to be extended. Conversely, when the
solution temperature exceeded 90 °C, the process became too rapid leading
to an uncontrollable polishing rate.
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Interestingly, the influence of the stirring rate on the polishing process was
minor so that no considerable difference between 200 and 500 RPM could be
observed.

After the chemical polishing, to further reduce the surface roughness, the
surfaces were subjected to a mild electropolishing process. All the parameters,
except for the duration of the process were adopted from an industrial process
(Brytal) which is commonly used to fabricate light reflectors [175]. More
specifically, this step was conducted in a solution of sodium carbonate and
sodium orthophosphate (32 gr Na2CO3 and 10 gr Na3PO4) in 160 ml of DI water
at ~80 °C. The chemically polished aluminium substrates were connected to a
positive terminal whereas a platinum gauze was connected to the negative
terminal of a DC power supply. The power supply was set to 16 V resulting in
the current density of 0.12÷0.15 A/cm2. During the electropolishing, the
solution was vigorously agitated through mechanical stirring using a magnetic
stirrer plate. Then, to optimize the electropolishing time, the duration of the
process was changed between 5 and 30 minutes.

The optimal duration time was found to be 15 minutes. Often, shorter times
resulted in striped patterns as seen in Figure 5-2A. The reason for that, as
pointed out in [199], is the self-assembly mechanism that can be triggered
under certain reaction conditions, such as electrode voltage, polishing time
and temperature. Therefore, to avoid the striped patterns, the process duration
was extended up to 15 minutes. Beyond that time, the roughness did not
reduce any further.

It is important to note that after completing the electropolishing process, the
surfaces were covered with a thin, murky layer stemming from the formation
of salts (Figure 5-2B). Therefore, as recommended in [200], after the
electrochemical polishing, the surfaces were first neutralized in mild acidic
solution and then extensively rinsed in DI water.
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Figure 5-1: SEM images of surface morphologies before and during the
optimization of the chemical polishing step. Image A shows the topography of
a non-polished aluminium surface while images B, C and D show the
topographies after 3, 6 and 16 minutes of chemical polishing performed at 80
°C, respectively.

Figure 5-2: SEM images of surface morphologies during the optimization of
the electrochemical polishing step. Images A and B show surface topographies
after 5 and 25 minutes of electrochemical polishing performed at 80 °C,
respectively.
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To gain a better insight into the topographies of the smooth surfaces, additional
Atomic Force Microscope (AFM) scans are presented in Figure 2-1. The top
row visualizes the roughness (smoothness) while the bottom row shows the
corresponding characteristic profiles taken along the dash lines. The images
show that ‘as-received’ surfaces (A) have very random, micro-scale
roughness. Compared to that, the (two-step) polished aluminium surfaces (B)
are very smooth with an average RMS roughness below 5 nm, which is similar
to the roughness achieved when the polishing is performed in chromic or
perchloric solutions [173,176,201,202]. Furthermore, for comparison, image
(C) presents the topography of a smooth glass slide. The point in presenting a
morphology of glass is to show that despite being very smooth, the polished
aluminium surfaces have defects (e.g. scores and waviness).

Figure 5-3: AFM scans of three surfaces; A – ‘as-received’ aluminium (‘as’), B
- polished aluminium surface and C – smooth glass slide (‘sm’). The top row
presents the images showing the height of the features while the bottom row
presents the characteristic line profiles (taking along the dash lines) showing
the corresponding surface roughness.

5.1.2 Anodization
The engineering of various morphologies began by subjecting the polished
surfaces to anodization. The advantage of the process, as mentioned in

133

section (3.2), is that it allows the control of the nano-features, specifically, the
inter-pore distance and pore depth. Yet, for that to happen, the process must
be carried out within certain parametrical windows (see Figure 3-4). Inside
those windows, a self-ordering phenomenon is triggered resulting in an oxide
layer with a well-ordered pattern of nano-pores. It should be emphasized,
however, that the distance between two adjacent pores is directly related to
the voltage of the process which is linked to the type and concentration of the
electrolyte. Therefore, the electrolyte should be chosen according to the
desired inter-pore distance. Then, the depth of the pores is controlled by the
duration of the process.

In this work, the anodization was carried out in either oxalic or sulfuric acidbased electrolytes. Therefore, in the following discussion, surfaces prepared
in the oxalic electrolyte will be referred to as “oxalic” while those fabricated in
sulfuric will be called “sulfuric”. The anodization in the oxalic acid was done at
120 V, whereas the anodization in the sulfuric acid was conducted at 19 V. In
addition, both electrolytes were stirred continuously, had the same molar
concentration of 0.3M and in both cases, the anodization was performed for 1
h. As a result, the average pitch was ~130 and ~50 nm for anodization in oxalic
and sulfuric electrolytes, respectively.

The importance of maintaining the temperature of the electrolyte during the
anodization should be noted. The reason, as discussed in section (3.2), is that
the process produces heat which locally increases the temperature of the
electrolyte. The local temperature rise catalyses the dissolution rate of the
formed oxide layer which uncontrollably and unevenly etches the walls
between the pores. At some point, certain walls become too thin. Then, those
thin walls are pulled together by capillary forces resulting in clusters of fibres
(Figure 5-4). Therefore, to avoid a mix of pores and fibres, the temperature of
the anodization process must be tightly controlled especially when high power
is dissipated (as when anodizing in oxalic acid). For that reason, the
anodization in the oxalic electrolyte was performed in a jacketed beaker as
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presented in section (4.1.4), which helped to keep the temperature of the
electrolyte at 5±2 °C.

Figure 5-4: SEM image of a surface having both porous and fibrous features
formed during anodization in warm oxalic acid (reached ~40 °C).

5.1.3 Pore widening
Next, after setting the interpore distance, the pore diameter was altered. By
controlling the pore size, the solid fraction and capillary pressure can be tuned.
For that, the nanoporous aluminium substrates were subjected to a pore
widening (p.w.) process. During the process, the walls separating adjacent
pores are slowly etched in a controlled manner which increases the average
pore diameter (Figure 5-5, Porous stage). If the etching continues, certain
walls become fibrous. Consequently, similar to Figure 5-4, the fibres cluster
forming areas with fibrous structures (Figure 5-5, Transition stage). Then, as
the etching process proceeds, more areas become fibrous until the whole
surface is covered with fibres (Figure 5-5, Fibrous stage).

Predictably, optimizing the duration time is easier when the process is not
rapid. The etching rate mainly depends on the parameters of the solution,
which are: type of acid/ base, concentration (pH) and temperature. In this work,
the process was carried out at room temperature in a diluted phosphoric
solution (5 wt%). During the process, the solution was agitated with a magnetic
stirrer (~300 RPM).
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Figure 5-5: Sequence of SEM images showing the morphological change
during the p.w. process of surfaces anodized in oxalic acid. At the end of the
anodization stage (indicated by 0 minutes), the mean and median pore
diameters are below 30 nm. Then, after 60 minutes of p.w., the mean and
median diameters grow to ~100 nm. The morphology with the largest pores is
observed after 120 minutes of p.w. where the mean and median diameters are
~169 and ~134 nm, respectively. After 150 minutes of p.w., some of the walls
become too thin and collapse, forming areas with fibrous clusters. Finally, after
180 minutes of p.w., all walls have collapsed so the surfaces are fully covered
with fibres.
Next, since the width of the wall separating two adjacent pores and the overall
thickness of the oxide layer change with respect to the electrolyte and
anodization conditions, the etching times for oxalic and sulfuric surfaces were
independently optimized. The result is that the porous morphologies are
achieved after 120 and 15 minutes of pore widening for oxalic and sulfuric
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surfaces, respectively (Figure 5-5 and Figure 5-6A). To obtain the fibrous
structures, the etching duration was continued for an additional 60 and 15
minutes for oxalic and sulfuric surfaces, respectively (Figure 5-5 and Figure
5-6B).

It should be noted that the estimation of the mean pore diameters was
performed in ImageJ program. Once the images were uploaded, a threshold
level between black and white colour was manually adjusted making a clear
distinction between the pores and the walls. Next, to get the mean pore
diameter, a particle analysis feature was employed. For that, a range of the
pore (hole) area sizes was specified first, then the average Feret diameters
(an equivalent diameter for non-circular objects) were calculated
< 𝐷𝐹 >= 𝑃/𝜋

5-1

where < 𝐷𝐹 > and P are the mean Feret diameter and perimeter of the
particles, respectively. To verify that all pores were considered, the picture of
the pores was presented and visually compared to the “thresholded” image.
Finally, the results table with the diameters of all pores was imported into excel
and the mean and median values were calculated.

Having both values (mean and median) is important since the combined
information gives a better understanding of the pore size distribution. When
the mean and median values are similar, the mean value is reliable. However,
when the difference between the median and the mean values grows, it
indicates the presence of extreme outliers. In accordance with that, it can be
seen that on the oxalic surfaces some pores merged together after 120
minutes of pore widening. Consequently, the mean value rose dramatically
while the median value had just a moderate increase.

As expected, the surfaces prepared in oxalic and sulfuric electrolytes had
different morphologies. The interpore distances (~ 200 and 100 𝑛𝑚 for
anodization in oxalic and sulfuric electrolytes, respectively) and thickness of
the oxide layers (~ 50 and 1 𝜇𝑚 for oxalic and sulfuric surfaces, respectively)
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were different. As a result, the fibrous morphologies were different as well. In
the oxalic case, the fibres cluster together forming ridges (Figure 5-5) whereas
in the sulfuric case the fibres formed a random fibre network (Figure 5-6).

Figure 5-6: SEM images of porous and fibrous morphologies of surfaces
anodized in sulfuric acid. Image A shows a porous morphology achieved after
15 minutes of p.w. with mean and median pore diameters of ~55 and ~53 nm,
respectively. Image B exhibits a fibrous morphology obtained after 30 minutes
of p.w.
To further investigate the morphologies, the surfaces were scanned with the
AFM and the results are presented in Figure 5-7. The additional information
that the scans give is the roughness and the waviness of the surfaces. The
challenge with the AFM scans, however, is that their integrity depends not only
on the equipment (AFM machine and tips) and scan parameters but also on
the surface morphologies. More specifically, the AFM tip (attached to a
cantilever) goes up and down probing the surface. This imaging method has
two main constraints, the first is the maximum height of the scanned features
which should not exceed the maximum movement of the cantilever (order of
10 µm). The second constraint is when measuring the depth of features that
have steep walls which is what happens with pores. The issue is that even
when a tip can go inside a pore, the movement of the cantilever can be
restricted by the surrounding wall so that the tip cannot reach the bottom of the
pore. Another problem, however, is that AFM imaging often has distortions due
to thermal drift and vibrations making the method less suitable for measuring
accurate distances between topographical features on a surface. However,
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despite such limitations, it can serve as an invaluable tool to distinguish
between morphologies and gain some comparative insight.

A very important insight the AFM images give is the waviness of the surface.
The waviness is defined as irregularity with spacing greater than
the roughness sampling length. In other words, it is the texture profile that a
surface would have if the roughness was removed. For example, the difference
between the roughness and the waviness can be clearly seen on the porous
surfaces (′𝑐𝑝′ and ′𝑓𝑝′, Figure 5-7) where the scale of the waviness is at least
one order of magnitude greater than the scale of the roughness. Interestingly,
the waviness cannot be identified on the fibrous surfaces (′𝑠𝑓′ and ′𝑑𝑓′, Figure
5-7). The reason is probably that the scale of the roughness is either greater
or similar to that of the waviness.

Figure 5-7: AFM images (top row) of four different morphologies, featuring
sparse-fibres (′𝑠𝑓′), dense-fibres (′𝑑𝑓′), coarse-pores (′𝑐𝑝′) and fine-pores
(′𝑓𝑝′). The bottom row of images shows the characteristic line profiles from the
AFM images to highlight the width and the height of the nanofeatures.

5.1.4 Wettability characterization
The nature of the fabricated surfaces is hydrophilic, therefore, to make the
surfaces hydrophobic, the surface free energy must be reduced. For that, the
surfaces were functionalized with low surface free energy molecules. A
detailed investigation of the functionalization process will be provided in the
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next chapter (Fluorine free, stiff and flexible functionalizations). Here, the
functionalization step was carried out in a self-assembled monolayer of
1H,1H,2H,2H-Perfluorodecyltrichlorosilane

(FDTS).

Despite

being

a

fluorinated substance, the simplicity of the functionalization process combined
with the robustness and low energy of the molecules makes FDTS a
convenient choice for the current task.

The functionalization process, in short, consisted of dipping the surfaces in a
1.43 M solution of FDTS in hexane for 2 hours. Afterwards, the functionalized
surfaces were baked at 110 °C for 1 hour, then rinsed in hexane and finally
dried.

Then, the surface wettability was assessed. First, the surfaces were
characterized in terms of contact angles (CA) and contact angle hysteresis
(CAH). The results are presented in Figure 5-8, while the setup and the
procedure are described in section (4.2.1).

Figure 5-8: Advancing (𝜃𝐴𝑑𝑣 ) and receding (𝜃𝑅𝑒𝑐 ) CAs and CAH (∆𝜃) of water
droplets measured on ′𝑠𝑓 ′ , ′𝑑𝑓 ′ , ′𝑐𝑝′ and ′𝑓𝑝′ surfaces. The missing 𝜃𝑟𝑒𝑐 and
∆𝜃 bars indicates that the droplets were pinned so the contact line did not
recede.
Thereafter, the drop impact test was performed. During the experiment, water
droplets (~2.5 mm size) were released from heights ranging from 15 to 60 cm,
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with corresponding velocities of 1.7 and 3.2 m/s, respectively. All impact
events were captured with a high-speed camera, then visually inspected and
the results are plotted in Figure 5-9.

Figure 5-9: Results of water droplet impact test on surfaces with four different
morphologies. All surfaces apart from ′𝑠𝑓 ′ showed penetration at the lowest
impact velocities of 1.7 m/s (marked by downward arrows). ′𝑠𝑓 ′ surface did not
show any signs of impalement even at the maximum impact velocity of 3.2 m/s
(indicated by an upward arrow).

5.1.5 Discussion
The main goal in this part of the work was to establish and optimize a texturing
method of aluminium surfaces. In addition, a special emphasis was given to
the scalability and sustainability of the process.

In general, to allow precise surface texturing, the roughness of the working
material should be first reduced as much as possible. For that, the pristine
aluminium surfaces were subjected to a smoothening process. The clear
advantage of the process presented in this work is that it allows achieving
highly smooth surfaces while being performed in benign chemicals. After the
polishing, the smooth surfaces were subjected to anodization. The anodization
process was chosen not only for its scalability and sustainability aspects but
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also because it is familiar in the industry and thus doesn’t require any special
adaptation steps.

The process, as presented in section (3.2), can be performed in two different
modes: hard anodization (HA) and mild anodization (MA). To achieve the best
uniformity, the surfaces are usually subjected to HA first. Then, the oxide layer
is selectively removed which must be done in such a way that the underlying
aluminium substrate is not affected. As a result, uniform concavities remain
and are used as a guide for the second step of anodization. Finally, the
surfaces undergo MA.
The challenge, however, is that the “two-step” anodization has a few
disadvantages. Even though the first step, HA, is fast, taking about 1 hr, the
second step, MA, can take more than a day. In addition, to selectively dissolve
the oxide layer, a mixture of chromic acid is typically used which is notorious
for its volatility and toxicity. Interestingly, in this work, the oxide layer was
removed by applying bias voltage (connecting aluminium to the cathode and
platinum to the anode). As a result, fairly uniform concavities remained on the
aluminium surfaces (Figure 5-10). To improve the uniformity of the concavities,
however, the voltage and the duration of the removal process must be
optimized which is beyond the scope of this work. The reason for that is that
high uniformity of the features (and concavities) depends on several
parameters like the purity of the material which would both substantially
increase the price of the material and restrict its use. In addition, to get high
uniformity, the temperature of the working material (and not only of the
electrolyte) must be kept low and uniform during the anodization process,
which would considerably complicate the process. Furthermore, since the
uniform distribution of the features requires very smooth surfaces, once preroughened surfaces are used, the features can no longer be uniformly
distributed which makes the removal process of the oxide layer somewhat
irrelevant.
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Consequently, in this work, the anodization process involves only the HA step.
Due to the challenge to precisely control the features, the average texture
parameters (pitch, pore diameter and height) are controlled. For that, the
anodization was performed in oxalic and sulfuric electrolytes at 120 and 19 V,
respectively, resulting in pores with different interpore distances. Thereafter,
the anodized surfaces were subjected to the p.w. process for various times.
As a result, surfaces with four different solid fractions were achieved (Figure
5-7).

Next, to characterize the surface wettability, advancing and receding contact
angles were measured and are presented in Figure 5-8. From the figure, it can
be seen that the only surface morphology that facilitates drop roll-off is ′𝑠𝑓 ′ ,
since it is the only one that showed receding contact angles. The remaining
surfaces, despite having high advancing contact angles, did not present any
receding contact angles, meaning that the droplets were pinned.

Figure 5-10: SEM image showing the concavities remaining on the aluminium
surface after the removal of the aluminium oxide layer. To expose the
concavities, the removal of the oxide layer was performed by flipping voltage,
that is connecting the aluminium surface to the cathode and the counter
electrode to the anode.
To explain the pinning, the solid fraction of all surfaces was estimated and
presented in the upper left corners of the images in Figure 5-7. To estimate
the solid fraction, the Cassie equation (2-5) was used. Then, the measured
𝜃𝐴𝑑𝑣 (presented in Figure 5-8) together with the advancing contact angle on a
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smooth, functionalized aluminium surface (117 ± 3°) were substituted into the
equation. For instance, the advancing contact angles measured on the
surfaces with ′𝑛𝑝′ and ′𝑠𝑓 ′ morphologies were 𝜃𝐴𝑑𝑣_𝑛𝑝 ≈ 153° and 𝜃𝐴𝑑𝑣_𝑛𝑓 ≈
161° leading to 𝜙𝑛𝑝 ≈ 0.2 and 𝜙𝑛𝑓 ≈ 0.1, respectively. The difference between
the solid fraction of ′𝑠𝑓 ′ and the rest can explain why ′𝑠𝑓 ′ were the only ones
that did not show pinning.

It is important to mention that the calculation of the solid fraction should not
rely on the SEM or AFM images. The reason for this is that the images cannot
capture the three-dimensional droplet/surface interface. For instance, the
waviness which is typically on the micro-scale length cannot be accurately
captured by any of the imaging methods.

To get a first impression of how well different surfaces repel incoming droplets,
all surfaces were subjected to drop impact tests. The results of the drop impact
experiments are presented in Figure 5-9. During the experiment, droplets were
released from different heights between 15 and 60 cm (at intervals of 15 cm).
To enhance the reliability of the results and ensure the fabrication
reproducibility of the surfaces, 4 sets of surfaces were manufactured. Each set
contained 4 surfaces with four different morphologies.
The outcome was that all surfaces but ′𝑠𝑓 ′ were impaled at a velocity of ~1.7
m/s (𝑊𝑒~ 100) which was the minimum velocity in the experiment. In addition,
it was observed that ′𝑠𝑓 ′ surfaces did not show any sign of impalement up to
the maximum velocity of ~3.2 m/s (𝑊𝑒~ 360).
The reason why none of the surfaces except for ′𝑠𝑓 ′ could repel incoming
droplets is that the ability to repel is related to 𝜃𝑅𝑒𝑐 . Fundamentally, the kinetic
energy of an incoming droplet can either be transformed into capillary energy
or dissipated through viscous losses. The balance between these energies
determines the impact outcome (complete, partial or no rebound).
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It can be readily seen how impact results are affected by increasing the
receding contact angle and solid fraction from equations (5-2) and (5-3) [58,59]
𝐹𝐶 ~2𝜋𝛾𝑙𝑎 𝑅(𝑡)[1 − 𝑐𝑜𝑠𝜃𝑅𝑒𝑐 ]

5-2

where 𝐹𝐶 , 𝛾𝑙𝑎 and 𝑅(𝑡) are the capillary force which is responsible for pulling
the lamella back, the liquid-air surface free energy, the changing radius of the
liquid disk after the impact and the receding contact angle, respectively.
𝐸̇𝑑𝑖𝑠𝑠 ∝ 𝜇

𝜕𝑣
𝐴𝑣
𝜕𝑦
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where 𝜇, 𝐴 and 𝑣 are the liquid viscosity, the liquid-solid contact area and the
velocity of the moving lamella.

According to equation (5-2), the capillary force responsible for pulling the
lamella back is directly related to 𝜃𝑅𝑒𝑐 , meaning that surfaces that have very
low 𝜃𝑅𝑒𝑐 will not be able to efficiently repel incoming droplets if at all. Therefore,
′𝑠𝑓 ′ surfaces, being the only ones that showed non-zero 𝜃𝑅𝑒𝑐 values, were the
only surfaces that managed to efficiently repel incoming droplets.
It is important to mention that despite the relationship between the 𝜃𝑅𝑒𝑐 and
the capillary force given above, receding contact angles are measured in
quasi-static tests, thus do not capture the complicated dynamical behaviour.
Additional parameters that can play a key role are capillary pressure (equation
(2-26)) and depth of the features (asperities).

As known, the capillary pressure controlled by a characteristic size of
asperities (𝐷𝑝 ) is directly related to the ability of a surface to withstand the
penetration of the liquid meniscus. In addition to 𝐷𝑝 , the depth of the asperities
is also important since the probability of rebounding a droplet increases when
a penetrating meniscus cannot reach the bottom of the asperities. Clearly,
there is a relationship between 𝜙 and 𝐷𝑝 . For instance, the solid fraction of a
hexagonal unit cell is given by (5-4)
𝜙 =1−

𝜋𝐷𝑝 2
2
2√3𝑑𝑖𝑛𝑡
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where 𝑑𝑖𝑛𝑡 is the interpore distance between two adjacent pores. Clearly,
changing 𝐷𝑝 will also affect 𝜙, and thus will affect the contact angle (Cassie’s
equation (2-5)). However, it is possible to increase the capillary pressure and
keep 𝜙 low by tuning 𝑑𝑖𝑛𝑡 accordingly. Therefore, in this work, two different
electrolytes were chosen to allow the fabrication of morphologies with different
𝐷𝑝 and 𝑑𝑖𝑛𝑡 (Figure 5-5 and Figure 5-6).

However, because of the difficulty precisely controlling the size of the nano
features (via anodization), the anodized surfaces have slightly different solid
fractions.

It is important to note that tuning the flexibility of the surfaces can provide
another way to reduce viscous dissipation. If a surface is flexible, the kinetic
energy of an incoming droplet can be stored both as capillary and elastic
energies. For that, the flexibility of the surfaces must be properly tuned allowing
the surfaces to accelerate prior to the impact. The acceleration will start
converting the kinetic energy of the incoming droplet into elastic energy of the
cantilever reducing the relative droplet-surface velocity. As a result, the impact
velocity will be decreased reducing the dissipated energy.

To conclude, when the viscous losses are not too large, and the contact-line
is not pinned, a droplet can regain enough kinetic energy and fully rebound.
Therefore, the transition from pinning (observed on ′𝑑𝑓 ′ , ′𝑐𝑝′ and ′𝑓𝑝′ ) to a
complete rebound scenario (observed on ′𝑠𝑓 ′ ) can be induced solely by tuning
the surface morphology.

Nevertheless, as mentioned in the Repelling impacting droplets section, when
the impact velocity is progressively increased, the partially penetrating
meniscus pushes the air out of the asperities allowing the meniscus to
penetrate further. At some point, when the impact velocity reaches a critical
value (𝑣𝑐𝑟 ), the meniscus will touch the bottom of the asperities and stick,
leading to pinning. There are two ways in which surface texturing can augment
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the impalement resistance of the surfaces. The first is by making deeper
asperities making it harder for a meniscus to touch the bottom. The second is
by increasing the capillary pressure of the asperities (i.e. reducing the
characteristic size). Clearly, as has been emphasized before, during the
texturing, the solid fraction has to be maintained low.

With those points, scalability and sustainability in mind, the focus in the next
section will be on fabricating superhydrophobic surfaces that can readily repel
incoming droplets.

5.2 Hierarchical morphology
In the previous section, the impact of the solid fraction and size of the features
was discussed. In this section, the fabrication of the surfaces will consist of two
steps. In the first step, to reduce the solid fraction, large, microscale features
with wide and deep asperities will be fabricated. Next, to augment the capillary
pressure and further reduce the solid fraction, nano-featured will be
superimposed onto the large features. Then, the performance of the
hierarchical surfaces, containing both micro- and nano- features, will be
examined and the best-performing surfaces will be identified.
It should be noted that in this section, sparse fibres ′𝑠𝑓′ will be simply called
nano-fibres ′𝑛𝑓′. The rest of the one-tier morphologies will not be used here
since they did not show good performance.

5.2.1 Micro features
As mentioned above, the first stage of fabricating hierarchical surfaces
consists of creating micro-features. However, to allow efficient and
homogeneous texturing, the surfaces must be initially degreased. For that, the
aluminium coupons were sonicated first in acetone, next in IPA and then rinsed
in deionized (DI) water. Then, unlike the one-tier morphologies where the
texturing process was performed on smooth surfaces, the degreased surfaces
are subjected to a roughening process that creates microscale features.
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To make the etching more efficient, first, the protective native oxide was
removed. For that, the degreased substrates were immersed in 1 wt% sodium
hydroxide solution for 5 minutes and subsequently cleaned in DI water. Then,
to create step-like microstructures, aluminium substrates were etched in 0.6 M
𝑃𝑑𝐶𝑙2 /𝐻𝐶𝑙 solution for 5 minutes. Thereafter, to remove the products of the
etching process that burned into the substrates, the surfaces were thoroughly
sonicated first in DI water and then in acetone. The representative SEM image
of the microtextured substrate is shown in Figure 5-11.

Figure 5-11: SEM image of a micro-textured surface (𝜇) acieved after wet
etching performed in 0.6 M 𝑃𝑑𝐶𝑙2 /𝐻𝐶𝑙 solution.
It should be noted that to minimize the oxidation rate of aluminium, which
happens when it is exposed to air, the surfaces were quickly transferred from
the sodium hydroxide solution into DI water and from DI water into 𝑃𝑑𝐶𝑙2 /𝐻𝐶𝑙
solution.

5.2.2 Nano features
As can be seen in Figure 5-11, the fabricated micro features are flat and do
not contain any nano features. Therefore, to enhance the capillary pressure
and to reduce the solid fraction, nanostructures were fabricated on top of the
micro features. To obtain the nanostructures, the surfaces were either
subjected to anodization or treated in boiling water.
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The anodization process was similar to that used to fabricate surfaces with the
′𝑛𝑓′ morphology described in the previous section. That is, the surfaces were
subjected to HA conducted in oxalic acid. Thereafter, to create nano-pores and
nano-fibres, the anodized surfaces were subjected to the p.w. process. The
morphology of the hierarchical surfaces with nano-pores and nano-fibres is
presented in Figure 5-12A and Figure 5-12B.

Figure 5-12: SEM images showing three types of morphologies containing
micro - and nano – features. The nano features are A - nano-pores (𝜇𝑛𝑝 ), B nano-fibres (𝜇𝑛𝑓 ) and C – nano-wires (𝜇𝑛𝑤 ).
Moreover, additional hierarchical surfaces with sparse and shallow nano-wires
(′𝑛𝑤′) were fabricated. For that, instead of subjecting the micro-textured
aluminium surfaces to anodization (followed by p.w.), the micro-textured
surfaces were treated in boiling water for ~30 minutes (Figure 5-12C). To
better examine the morphology of the hierarchical nano-wire surfaces (𝜇𝑛𝑤 ),
similar nano-wire features were fabricated on a smooth aluminium surface.
Then, the surface was scanned with AFM and the outcome is presented in
Figure 5-13. As can be seen, the difference between the ′𝑛𝑤′ and the ′𝑛𝑓′
(presented in Figure 5-7) is the roughness scale. The roughness of the ′𝑛𝑤′
morphology is on the nano-scale whereas of the ′𝑛𝑓′ is on the micro-scale.

It is important to mention that it is likely that the size of the nano features
(especially of the fibres) fabricated on the smooth surfaces is not identical to
that fabricated on the micro-textured ones. Nevertheless, the difference
between the morphologies of the 𝜇𝑛𝑓 and 𝜇𝑛𝑤 surfaces is clear (Figure 5-12).
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Figure 5-13: AFM scan and a characteristic line profile of a surface with the
nano-wire (′𝑛𝑤′) morphology.

5.2.3 Wettability characterization
Before the characterization, as a point of reference, surfaces with 𝜇 and ′𝑛𝑓′
morphologies were fabricated. Next, similar to in the previous section, all
surfaces were functionalized with low surface free energy molecules
performed in the fluorosilane/hexane solution. Then, the wettability
characterization of the surfaces was divided into static and dynamic tests. The
static test relied on CA and CAH measurements while the dynamic test was
based on the drop impact experiment.

The measurements of the advancing, receding contact angles and contact
angle hysteresis are presented in Figure 5-14.

After the contact angle measurements, the surfaces were subjected to a drop
impact test and the results (rebound or pinned) are presented in Figure 5-15.
The lowest and the highest impact velocities in the experiment were ~1.7 and
~3.2 m/s attained when droplets were released from 15 and 60 cm,
respectively. The figure shows that 𝜇 and 𝜇𝑛𝑤 show impalement even at the
minimum impact velocities of 1.7 m/s. That indicates a lower threshold velocity
on those surface (marked by downward arrows). In contrast to that,
𝜇𝑛𝑝 , 𝜇𝑛𝑓 and ′𝑛𝑓′ surfaces do not show impalement up to the maximum drop
impact speed (marked by upward arrows).
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Figure 5-14: 𝜃𝐴𝑑𝑣 , 𝜃𝑅𝑒𝑐 and ∆𝜃 measured on 𝜇, 𝜇𝑛𝑤 , 𝜇𝑛𝑝 , 𝜇𝑛𝑓 and ′𝑛𝑓′.

Figure 5-15: Results of water droplet impact test on 𝜇, 𝜇𝑛𝑤 , 𝜇𝑛𝑝 , 𝜇𝑛𝑓 and
′𝑛𝑓′ surfaces. 𝜇 and 𝜇𝑛𝑤 surfaces showed penetration at the lowest impact
velocities of 1.7 m/s (indicated by downward arrows). 𝜇𝑛𝑝 , 𝜇𝑛𝑓 and
′𝑛𝑓′ surfaces did not show any signs of impalement even at the maximum
impact velocity of 3.2 m/s (indicated by an upward arrow).
Finally, in order to exceed the impact velocities of the free-falling droplets, the
surfaces were subjected to a water jet and the results are shown in Figure
5-16. The setup and the procedure for the jet impingement experiment are
described in section (4.2.3). Not surprisingly, after failing to repel free-falling
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droplets, 𝜇 𝑎𝑛𝑑 𝜇𝑛𝑤 showed impalement at the minimum jet velocity of ~ 6.9
m/s. Contrary to that, the other surfaces, 𝜇𝑛𝑝 , 𝜇𝑛𝑓 𝑎𝑛𝑑 ′𝑛𝑓′, showed good
performance being able to repel jets with velocities up to approximately 20, 22
and 18 m/s, respectively. Then, a transition range was observed where both
impalement and repelling happened. Above that range, the jet always
penetrated the surface.

Figure 5-16: Jet impingement results on 𝜇, 𝜇𝑛𝑤 , 𝜇𝑛𝑝 , 𝜇𝑛𝑓 and ′𝑛𝑓′ surfaces. The
downward arrows indicate that the threshold of impalement is below the
minimum velocity of the jet. The error bars indicate the velocity range within
which both repelling and impalement occurred. Below that range, the jets were
always repelled while above it, they always penetrated.

5.2.4 Discussion
Figure 5-14 shows the 𝜃𝐴𝑑𝑣 , 𝜃𝑅𝑒𝑐 and CAH of 𝜇, 𝜇𝑛𝑤 , 𝜇𝑛𝑝 , 𝜇𝑛𝑓 and ′𝑛𝑓′ surfaces.
𝜃𝐴𝑑𝑣 and 𝜃𝑅𝑒𝑐 of all surfaces (except for 𝜇𝑛𝑤 ) are higher than 150° and 140°,
respectively. In addition, the low hysteresis indicates that the drops are in the
Cassie state. Interestingly, the figure doesn’t show any clear advantage of
having additional nano-structures on top of the micro-features. As a matter of
fact, it seems that the performance of the surfaces can be undermined if the
superimposed nano-structures are too shallow. The reason for that is that
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below a certain depth, the nano-pockets cannot remain void. As a result, they
get filled up (with liquid) increasing the surface-liquid contact area and chances
for pinning.

The resistance to liquid penetration into the surface texture under a free-falling
water drop impact was studied next; the results are presented in Figure 5-15.
To ensure reproducibility, drop impact experiments were performed multiple
times on surfaces which were fabricated in different batches. The drop falling
height was altered at 15 cm intervals ranging from 15 up to a height of 60 cm.
𝜇 and 𝜇𝑛𝑤 surfaces showed impalement at the lowest impact velocity (~1.7
m/s) with a corresponding Weber number (𝑊𝑒) of ~ 100. 𝜇𝑛𝑝 , 𝜇𝑛𝑓 , and 𝑛𝑓
surfaces did not show impalement even at maximum experimental impact
velocities ~3.2 m/s (𝑊𝑒~ 360).

Next, the surfaces were subjected to the jet impingement test and the results
are summarized in Figure 5-16. 𝜇 and 𝜇𝑛𝑤 surfaces were immediately impaled
by the slowest jets of 6.9 m/s (𝑊𝑒 ~ 350). Impressively, 𝜇𝑛𝑝 and 𝜇𝑛𝑓 surfaces
could resist jet speeds up to ~ 20 (𝑊𝑒 ~ 3000) and ~ 22 m/s (𝑊𝑒 ~ 3500),
respectively. The ′𝑛𝑓′ surfaces also showed high impalement resistance been
able to repel droplet with velocities up to ~ 18 m/s (𝑊𝑒 ~ 2500).

The impact resistance of the textured surfaces can be quantified by capillary
pressure (𝑃𝑐 ). 𝑃𝑐 for random micro and nanotextures can be expressed as [203]
𝑃𝐶 ∝ −𝛾𝑙𝑎 cos𝜃𝑌,𝑎𝑑𝑣

𝜙
𝐷𝑝 (1 − 𝜙)

5-5

where 𝛾𝑙𝑎 , 𝜃𝑌,𝑎𝑑𝑣 and 𝐷𝑝 denote the liquid-air surface tension, the advancing
contact angle on a smooth surface and the average size (diameter) of the
asperities, respectively. For example, for 𝜇 surface, the values of 𝜙 and 𝐷𝑝 are
~0.1 and ~10 µm, respectively. If those values, together with typical values of
𝛾𝐿𝐴 (0.072 N/m) and 𝜃𝑌,𝑎𝑑𝑣 (117º) are substituted into equation (5-5), the
capillary pressure turns out to be in the range of 1 kPa. Such low capillary
pressure can explain why 𝜇 surfaces were easily pinned.
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Then, to enhance the capillary pressure, hierarchical surfaces were fabricated
by adding various nano-features on top of the micro-structures. Interestingly,
the drop impact test showed that even though the performance of 𝜇𝑛𝑝 and 𝜇𝑛𝑓
was improved, the performance of 𝜇𝑛𝑤 remained similar to 𝜇. Therefore, both
𝜇 and 𝜇𝑛𝑤 have 𝑃𝐶 in the same order of magnitude (~1 kPa).
A low droplet impact resistance of 𝜇𝑛𝑤 surfaces clearly indicate that the size of
the nano-features plays an important role. Contrary to ′𝑛𝑝′ and ′𝑛𝑓′, the
additional tier of ′𝑛𝑤′ did not improve the impalement resistance since these
nano features are too shallow. The reason is that when the asperities are not
deep enough, a water meniscus can either stretch or slide down, touching the
bottom of the asperities (known as the ‘touchdown’ effect, Figure 5-17A).
When that happens, the meniscus may stick to the bottom, leading to pinning.
Conversely, when the asperities are sufficiently deep, the stretching meniscus
will not be able to reach the bottom (Figure 5-17B) and therefore can fully
recover.
The critical impalement pressure (𝑝𝑐𝑟 ) for the ‘touchdown’ effect can be scaled
as ~𝛾𝐿𝐴 (ℎ/𝐷𝑝 2 ) where ℎ denotes the typical height (or depth) of the asperities
[204]. For the ′𝑛𝑤′ morphology, where ℎ ~30 nm and 𝐷𝑝 ~1 µm (line scan,
Figure 5-13), 𝑝𝑐𝑟 is around 2 kPa, which is in the same order of magnitude as
the 𝑃𝐶 . This means that ‘touchdown’ probably occurs in parallel to the
meniscus penetration which can explain why the presence of ′𝑛𝑤′ on top of
the 𝜇𝑛𝑤 did not enhance the impalement resistance.
The conclusion from the discussion above is that the aspect ratio of the
nanofeatures (ℎ/𝐷𝑝 ) should be increased to overcome the meniscus
touchdown and improve the impalement resistance. Indeed, the results show
that the 𝜇𝑛𝑝 , 𝜇𝑛𝑓 , and ′𝑛𝑓 ′ surfaces, having low solid-fraction and high-aspect
ratios, have impressive impact resistance.
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Figure 5-17: Schematic diagram of a stretching meniscus. Image A illustrates
the ‘touchdown’ effect where the meniscus touches the bottom of the
asperities. Image B shows a sufficiently deep asperity where the meniscus
cannot stretch to touch the bottom unless a penetration occurs.

5.3 Summary
In this work, aluminium surfaces with various morphologies were textured
following chemical and electrochemical techniques (
After fabrication, the surfaces were characterized in wettability terms,
specifically, CA, CAH and resistance to drop and jet impact. It has been found
that nano-textured one-tier surfaces, except for ′𝑛𝑓′, neither rebound the
incoming drops nor facilitate the drop removal at all. That behaviour was
attributed to their relatively large solid fraction. Next, surfaces with microscale
features were fabricated. It has been shown that even though such surfaces
facilitate drop mobility, due to their low capillary pressure, they present poor
resistance against the drop impacts. Therefore, to improve the impalement
resistance, hierarchical surfaces, containing both micro- and nano-features
were fabricated. Finally, surfaces with the best performing morphologies were
identified, showing high drop mobility and capillary resistance.
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Table 5-1). One of the main strength points of the chosen texturing techniques
is that they allow easy control of the surface morphologies on the micro- and
nano-scale. In addition, the texturing methods are scalable, sustainable and
can easily be adapted by the industry.

After fabrication, the surfaces were characterized in wettability terms,
specifically, CA, CAH and resistance to drop and jet impact. It has been found
that nano-textured one-tier surfaces, except for ′𝑛𝑓′, neither rebound the
incoming drops nor facilitate the drop removal at all. That behaviour was
attributed to their relatively large solid fraction. Next, surfaces with microscale
features were fabricated. It has been shown that even though such surfaces
facilitate drop mobility, due to their low capillary pressure, they present poor
resistance against the drop impacts. Therefore, to improve the impalement
resistance, hierarchical surfaces, containing both micro- and nano-features
were fabricated. Finally, surfaces with the best performing morphologies were
identified, showing high drop mobility and capillary resistance.
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Table 5-1: Summary of fabricated surfaces, the functionalization molecules
(Funct.), and the tests they were subjected to.
Func.

Tests
CA

Morphology

Remarks

Drop
Jet
impact impact

‘as’ - as received

used in the AFM

‘sm’ - smooth

intermediate product of the
one-tier fabrication
process

‘fp’ - fine pores

FDTS

V

V

‘np’ - nano-pores

FDTS

V

V

‘df’ - dense-fibres

FDTS

V

V

‘nf’ - nano-fibres

FDTS

V

V

also known as cp (coarse
pores)

V

also known as sf (sparse
fibres)
fabricated for the AFM
only

‘nw’ - nanowires
µ - micro features

FDTS

V

V

µnw - micro features
with nano-wires

FDTS

V

V

µnp - micro features
with nano-pores

FDTS

V

V

V

µnf - micro features
with nano-fibres

FDTS

V

V

V

The main gap in the current surface fabrication method is the functionalization
step performed with hazardous fluorinated molecules. Therefore, the next goal
would be to look into various sustainable coatings.
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6 Fluorine
free,
functionalizations1

stiff

and

flexible

In the previous chapter (Sustainable and controlled texturing of aluminium
surfaces), a scalable and sustainable texturing method of metallic surfaces
was to be established. After the texturing, to make the surfaces hydrophobic,
the surfaces were functionalized with low surface free energy molecules. For
that, widely used fluorinated (FDTS) molecules were employed. The reason
for choosing these molecules was the simplicity of their use, their low surface
free energy, their robustness and the fact that they form a very thin layer
without burying the textured morphologies.

The main drawback of the fluorinated molecules, however, is that they are
harmful to the environment. As a result, their use should be reduced or even
avoided, if possible. Therefore, because of the importance of developing a fully
sustainable fabrication method of textured superhydrophobic surfaces, this
section looks into a few eco-friendly functionalization ways.

6.1 Functionalization
Following the wettability results of chapter 5, the surfaces with the best
performing morphologies (′𝑛𝑓 ′ , 𝜇𝑛𝑝 and 𝜇𝑛𝑓 ) were selected. Afterwards, the
surfaces were functionalised with different low surface free energy molecules,
specifically, fluorinated FDTS and unfluorinated OTMS and DMDES. Figure
6-1 shows the schematic diagram of the detailed chemistry of the materials
and functionalisation processes. From the figure, the following differences can
be seen: first, the tail group of the FDTS molecules is fluorinated while of the
other ones is methyl (OTMS) or methoxy (DMDES); second, the chains of the
FDTS and OTMS molecules have stiff, C-C-C bonds whereas the bonds of the
DMDES chains (Si-O-Si) are mobile.

1

Elements of this chapter were submitted to a peer reviewed journal
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Figure 6-1: Schematic diagram of the low surface energy molecules used in
this work. Alumina surfaces have available hydroxyl group that reacts with
SiCl3 and Si(OCH3)3 tails of the molecules. The by-product of the reactions
(HCl and CH4) is highlighted blue. The functionalization with FDTS and OTMS
molecules takes place directly on the alumina substrates. To functionalize with
DMDES molecules, the substrates were coated with a thin layer of TEOS
(indicated by a red contour line) first, using a wet-chemical approach. Then,
the chains were built via a hydrolysis reaction (indicated by red H+). The main
difference between OTMS and DMDES chains is their stiffness (C-C-C vs SiO-Si bonds).
Contrary to FDTS and OTMS molecules which can be directly applied on the
surfaces, the functionalization with DMDES molecules requires a preliminary
passivation step of alumina since a significant amount of acid is required for
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the polymerization of DMDES. On the other hand, alumina tends to be
susceptible to acids, which can weaken the bonding between the molecules
and the alumina substrates. On the other hand, alumina tends to be
susceptible to acids, which can weaken the bonding between the molecules
and the alumina substrates. Therefore, prior to the functionalization with
DMDES, the surfaces were passivated with a conformal layer of TEOS.

To emphasize the importance of passivating alumina surfaces prior to the
functionalization with DMDES molecules, the chemistry of the surfaces was
analysed with Energy Dispersive X-ray Spectrometry (EDS) and the results
are presented in Figure 6-2. The figure shows the elemental composition of
three types of samples; A - unfunctionalized that serves as a baseline, B functionalized with DMDES without an additional layer of TEOS, and C - first
passivated with TEOS and then functionalized with DMDES.

Clearly, the strongest signals detected by EDS belong to Al (1.5 keV) and O
(~ 0.5 keV) since these are the main elements the surfaces consist of. In
addition, all spectrum plots present a weak phosphorus signal which can be
explained by the fact that the surfaces underwent pore-widening step
performed in a diluted phosphoric solution. Furthermore, all spectrum plots
show two additional signals left to the oxygen one. The first signal (~ 0 keV) is
called a ‘zero-peak’ which is caused by the software whereas the second one
(~ 0.35 keV) is a carbon peak which is present due to the carbon sputtering.

The spectrum of the surfaces that were first passivated with TEOS and then
functionalized with DMDES molecules is presented in C. In contrast to B, plot
C shows a clear presence of silicon which is found in the backbone structure
of the molecules.

Moreover, to get a better insight into how silicon is distributed across the
surfaces, the elemental mapping of Si is provided in image C1. The image
shows that the distribution of Si is comparable to that of aluminium (C2) which
is the main component of the substrate.
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Figure 6-2: Energy dispersive X-ray spectrometry (EDS) mapping of textured
surfaces. A – SEM image of a hierarchical morphology (A1) and EDS spectrum
of an unfunctionalized surface where x and y axes show excitation energy (eV)
and counts per second (cps) per energy, respectively. B – EDS spectrum of
an alumina surface functionalized with DMDES molecules without TEOS
passivation. C – EDS spectrum of a surface after being first passivated with
TEOS and then functionalized with DMDES. To estimate the quality of Si
distribution, two elemental maps are presented. C1 – shows the map of Si and
C2 of Al.
Wettability characterization
After the fabrication and functionalizations (with FDTS/ OTMS/ DMDES), the
static and dynamic wettability of all surfaces was characterized. First, to
evaluate how well the surfaces promote droplet removal, the CAs and CAH
were measured and the obtained data is presented in Figure 6-3. The figure
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shows three plots. Each plot represents a group consisting of surfaces with
three different morphologies that were functionalized with A – FDTS, B –
OTMS and C – DMDES molecules. It is apparent that all surfaces are
superhydrophobic with high CAs (~ 160°) and low CAH (< 10°).

Figure 6-3: Advancing (𝜃𝐴𝑑𝑣 ), receding (𝜃𝑅𝑒𝑐 ) contact angles and contact angle
hysteresis (∆𝜃) measured on surfaces with the three morphology types (‘nf’,
𝜇𝑛𝑝 and 𝜇𝑛𝑓 ) functionalized with three low surface free energy molecules; AFDTS, B-OTMS and C-DMDES.
Next, to assess the dynamic wettability, the surfaces were subjected to a drop
impact test and the outcome is presented in Figure 6-4. Similar to Figure 6-3,
Figure 6-4 consists of three plots. Each plot represents a group of surfaces
that were functionalized with identical low surface free energy molecules. Plots
A and B clearly show that all surfaces functionalized with the FDTS and OTMS
molecules were not pinned by droplets impacting with the highest velocity
achieved in the experiment, which was 3.2 m/s. The arrows in those plots
indicate that the threshold velocity required to penetrate the surface texture is
higher than 3.2 m/s. Contrary to that, as presented in plot C, surfaces
functionalized with TEOS – DMDES presented a limited repelling ability. The
error bars in the plot show the range of velocities within which both penetration
and rebound occurred so that droplets impacting with velocities below the
range always rebounded while droplets with velocities above the range were
always pinned.

Then, to further investigate the dynamic wettability, the surfaces were
subjected to a jet impact test and the outcome of the test is presented in Figure
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6-5. Like the previous figures, this one comprises three plots presenting the
performance of surfaces functionalized with three different low surfaces energy
molecules. The error bars in plots A and B present the range of jet velocities
within which both impalement and rebound were observed. When the jet
velocities were set above the range (above the error bars), the impalement
was always observed, i.e. test droplets placed at the impact locations never
rolled off. Conversely, when the impact velocities were below the range, the
impalement never occurred.

Moreover, as expected from the drop impact test and as seen in Figure 6-5C,
the surfaces functionalized with DMDES were impaled by the slowest jet
possible in the current setup. The arrows pointing downward indicate that the
transition range, where both impalement and rebound can occur, is
somewhere below the minimum jet velocity.

Figure 6-4: Results of drop impact tests performed on surfaces with three
morphology types (‘nf’, 𝜇𝑛𝑝 and 𝜇𝑛𝑓 ) functionalized with three low surface
energy molecules: A-FDTS, B-OTMS and C-DMDES. The upward arrows in
figures A and B indicate that the threshold impalement velocity is higher than
the maximum velocity achieved in the experiment (3.2 m/s). The whiskers in
figure C stand for the range of velocities within which drop pinning occurred.
Droplets impacting with velocities below and above the whiskers always
rebounded and were pinned, respectively.
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Figure 6-5: Outcomes of the jet impingement tests performed on surfaces with
three morphology types (‘nf’, 𝜇𝑛𝑝 and 𝜇𝑛𝑓 ) functionalized with three low surface
energy molecules: A-FDTS, B-OTMS and C-DMDES. The whiskers in the
figures A and B represent a velocity range within which both repelling and
impalement occurred (rolling off and pinning of the test droplets were
observed). Jets with velocities below the whiskers were always repelled while
those with velocities above always penetrated. Moreover, the arrows in C
indicate that the transition range (where both impalement and repelling occur)
is below the slowest jet velocity (6.2 m/s) in the current setup.

6.2 Durability
Durability is defined as the ability of a product to remain functional without
undergoing any substantial maintenance or repair. Understandably, highly
durable products are not only financially beneficial but also eco-efficient.
Usually, the durability of a product is evaluated in terms of lifespan, that is,
hours of use or number of operational cycles. Clearly, there are additional
factors like environmental conditions in which the product is used that strongly
affect its lifespan. As a result, there are different ways to estimate the durability
of the product. Those can be classified into multiple categories, such as
mechanical, chemical, ageing, and thermal, to name but a few. Intuitively, each
category can be further subdivided based on specific requirements. For
instance, the mechanical durability tests can look into adhesion quality of the
coatings or the robustness of the surface. Clearly, to test these, the product
must be subjected to different tests.
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As presented in the Mechanical robustness test (4.2.4) section, to evaluate the
adhesion quality of the low surface free energy molecules, a tape peel test was
performed. The main reason for choosing a tape peel test over other
mechanical durability tests (like water jet [205] or abrasion [192]) is that it
allows testing the adhesion strength of the molecules (to the surface) without
causing any damage to the texture itself.

In this section, the performance of the surfaces is evaluated in terms of their
chemical stability and mechanical durability of their functionalizations.

6.2.1 Chemical stability test
After the drop impact and jet impingement tests, new surfaces with the best
performing morphology (𝜇𝑛𝑓 ) were prepared and subjected to a chemical
stability test which allowed assessing the performance of superhydrophobic
surfaces in harsh chemical environments, for instance, when exposed to
corrosive gasses or fumes. For that, the surfaces were immersed in acidic (pH
2÷3) and basic (pH 10÷11) solutions. Then, their performance, in terms of CAs
and CAH, was recorded and presented in Figure 6-6.

As can be seen in the figure, all surfaces are more sensitive to acidic than to
basic solutions. Interestingly, no considerable difference in the performance
between FDTS, OTMS and DMDES was be observed.
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Figure 6-6: Results of the chemical stability tests performed on 𝜇𝑛𝑓 surfaces
functionalized with A-FDTS, B-OTMS and C-DMDES molecules. The tests
were carried out in acidic (pH 2−3) and basic (pH 10−11) environments. To
estimate the surface degradation, advancing (𝜃𝐴𝑑𝑣 ), receding (𝜃𝑅𝑒𝑐 ) contact
angles and contact angle hysteresis (∆𝜃) were measured.

6.2.2 Mechanical durability test
Following the chemical stability test, to evaluate the mechanical durability of
the coatings, a new set of 𝜇𝑛𝑓 surfaces was fabricated and subjected to a tape
peel test and the obtained results are presented in Figure 6-7.

The plots clearly indicate that the surfaces functionalized with the FDTS
molecules are the most durable ones, and, as reported before in [193], did not
present any significant degradation even after 50 repeated cycles. The OTMS
coating shows reduced stability, and as can be observed, its performance
gradually degraded between 10 and 30 cycles. Afterwards, the performance
was stabilized which might be due to the removal of superficial chains which
did not form covalent bonds with the surface. Furthermore, DMDES coating
presents good stability for the first 20 cycles, then between 20 and 40 cycles,
the coating underwent considerable degradation.
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Figure 6-7: Outcomes of the mechanical durability test performed on 𝜇𝑛𝑓
surfaces functionalized with A-FDTS, B-OTMS and C-DMDES molecules. To
estimate the surface degradation, advancing (𝜃𝐴𝑑𝑣 ), receding (𝜃𝑅𝑒𝑐 ) contact
angles and contact angle hysteresis (∆𝜃) were measured every 10 cycles.

6.3 Discussion
Conventionally, most of the superhydrophobic coatings are fluorine-based
because of the extremely low surface free energy of the fluorine molecules (620 mN/m) and their high mechanical and chemical stability [28]. However, the
use of fluorine-based chemicals has been criticised because of their toxicity
and adverse effects on the environment [31]. As a result, researchers have
made a considerable effort to replace the fluorine-based chemicals with
environmentally friendly ones [33,206,207]. It is interesting to note that those
studies mainly looked into ways to replace fluorine tail groups with methyl
ones, for example, by adopting trimethoxy(octadecyl)silane (OTMS) yet
completely ignored the impact of the chain stiffness. Therefore, a way to
functionalize aluminium surfaces with flexible, environmentally friendly chains
is presented in this work.

Contrary to the functionalization with FDTS and OTMS molecules which can
be directly applied on the anodized surfaces, the functionalization with DMDES
molecules requires a preliminary passivation step. The reason for that is that
the functionalization process is carried out in a significant amount of acid
(required for the polymerization of DMDES) which dissolves alumina
undermining the bonding between the molecules and the substrates.
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To support that, the functionalization process was carefully investigated via
EDS and the outcome is presented in Figure 6-2. First, prior the
functionalization step, to provide a benchmark, a fresh surface was scanned
and its elemental composition is presented in plot A. Next, a new surface was
directly functionalized with DMDES molecules and its composition is presented
in plot B. The plots A and B clearly show that the DMDES molecules did not
bond to the surface since, after the functionalization step, the chemical
composition of the surface remained almost unchanged. The only difference
between the plots A and B is that plot B has an additional sulphur peak which
stems from the functionalization step which is carried out in a sulphuric
solution. In fact, the adhesion failure of the DMDES molecules could be
predicted during the rinsing stage of the surfaces since, during that stage, the
solvents (IPA or toluene) always became cloudy indicating the detachment of
the molecules. Consequently, the surfaces always remained hydrophilic.

Plot C presents the chemical composition of the surfaces which were
passivated with TEOS prior to being functionalized (with DMDES). Contrary to
the spectrum shown in plot B, plot C shows a clear peak of Si indicating the
presence of the coating.

Furthermore, to make sure that Si is well distributed, the elemental mapping of
the surfaces was produced and presented in image C1. In addition, as a
benchmark for the distribution quality, the mapping of aluminium is presented
as well (image C2). From images C1 and C2, it is clear that the distribution of
silicon is comparable to aluminium which is present everywhere since it is the
main component of the substrates. This means that it is safe to assume that
Si is uniformly spread across the surfaces.

Interestingly, fluorine-based coatings are considered to be superior to the
unfluorinated ones even though except for a few comparative studies
[208,209], a comprehensive comparison (in terms of performance and
durability) has not been undertaken. Therefore, after establishing a
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functionalization method of alumina surfaces with DMDES molecules,
additional sets of surfaces were fabricated and functionalized with fluorinated
(FDTS) and unfluorinated (OTMS) molecules. Thereafter, a detailed
comparison between the sets was carried out and the results are presented in
Figure 6-3, Figure 6-4 and Figure 6-5.

Figure 6-3 presents the outcome of the static wettability tests. Remarkably, the
figure shows that all textured surfaces (‘nf’, 𝜇𝑛𝑝 and 𝜇𝑛𝑓 ) functionalized with
FDTS, OTMS and DMDES molecules, present quite similar CAs and CAH.
Such an outcome can be explained by the low solid fraction of the surfaces.
Thus, despite the fact that the surface free energy of the fluorinated molecules
is lower than that of the methyl ones, its contribution to the wettability is not
substantial. Furthermore, as pointed out in chapter 5, the fact that surfaces
with different morphologies functionalized with identical molecules present
comparable CAs and CAH indicates that the solid fractions of those
morphologies are fairly similar.

Next, to better understand the contribution of the surface texture and of the
coatings, the surfaces were subjected to a drop impact test and the recorded
data is presented in Figure 6-4. The motivation behind this test, as discussed
in the previous chapter, is that CAs depend only on the solid fraction and
surface free energy without being affected, for instance, by the depth or width
of the texture features.

Figure 6-4 clearly shows that contrary to the outcome of the static wettability
tests, the drop impact test clearly shows that surfaces functionalized with
FDTS and OTMS molecules repel impacting droplets more efficiently than
those functionalized with DMDES. The underperformance of TEOS-DMDES
functionalized surfaces in drop impact tests can be explained by the structure
of DMDES chains. It is well reported in the literature that the polymerization of
di-methoxy or tri-ethoxy silanes leads to the formation of dimmers to tetramers
of short length [210]. In addition, the rigidity of the polymer chains can play a
key factor. The structure of DMDES chain (Si-O-Si) is softer than that of FDTS
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and OTMS ones (C-C-C). The reason for this is that the Si-O-Si bonds have a
much higher angle (143º compared to 109º) allowing the molecules to rotate
freely [211]. As a result, the chains of DMDES can dissipate kinetic energy and
affect the impact resistance. (Figure 6-1).

Furthermore, in addition to the advantage of using FDTS and OTMS
molecules, Figure 6-4C clearly shows that the droplet impalement resistance
of a surface can be augmented through surface texture [60].

Also, when comparing the performance of the hierarchical surfaces, Figure
6-4C shows that 𝜇𝑛𝑓 performed better than 𝜇𝑛𝑝 . The reason for this is probably
due to the difference between the solid fractions of the nano-features on top of
the macro-features. However, measuring that difference on hierarchical
surfaces is all but impossible because of the immense enhancement of the
contact angles by the micro-features obscuring the subtle differences. Such an
outcome can be explained by the difference between the solid fractions of the
nano-features (’np’ or ’nf’) on top of the macro-features. As presented in Figure
5-7, the solid fraction of the one-tier ’np’ surfaces is about as twice as high as
that of the ’nf’ ones (~0.1). Therefore, despite the fact that 𝜇𝑛𝑓 and 𝜇𝑛𝑝 have
similar contact angles, different solid fractions of the nano-features on top of
the micro-features likely affect the drop impact outcome.

In the current setup, the maximum impact velocity of a free-falling droplet is
3.2 m/s (for droplets released from 60 cm height). Beyond this height, the
precision of the impact location on the substrates and the size of the spreading
diameter of the droplets make it difficult to fit the impact events inside the
coupon boundaries. Therefore, to exceed the maximum impact velocity of the
free-falling droplets, the surfaces were subjected to a jet impact test, and the
outcome is presented in Figure 6-5. The whiskers in Figure 6-5A and 6-5B
present the range of jet velocities within which both impalement and rebound
were observed. When the jet velocities were set above the range (above the
whiskers), the impalement was always observed, i.e. test droplets placed at
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the impact locations never rolled off. Conversely, when the impact velocities
were below the range, the impalement never occurred.

Interestingly, Figure 6-5A and 6-5B show a similar trend to that observed in
Figure 6-4C; that is, the ‘nf’ surfaces were impaled before the hierarchical
ones. There are various mechanisms that can explain this result. Firstly,
textured surfaces, and surfaces with open and interconnected asperities
similar to ‘nf’, reduce the water hammer pressure (𝑃𝑊𝐻 ~𝑘𝜌𝑣𝑐 where 𝜌 is the
density of liquid, 𝑣 is the impact velocity , 𝑐 is speed of sound through water
and 𝑘 is the water hammer coefficient). The coefficient 𝑘 can be 3 orders of
magnitude lower on the textured surfaces compared to the flat ones, leading
to reduced 𝑃𝑊𝐻 which controls the impalement at high impact speeds [212].
Secondly, a reduction of the capillary diameter enhances the impalement
resistance. Thirdly, a hierarchical morphology can show better impalement
resistance due to lower associated solid fraction.

The morphological images from Figures 5-5, 5-11 and 5-12 can be used to
estimate the following capillary diameters: 100 - 150 nm for ‘np’ surfaces, 2 10 µm for ‘nf’ surfaces, 100 - 150 nm for nanopores of np surfaces, and 300 500 nm for nanofiber of nf surfaces. In Figures 6-4C, 6-5A and 6-5B, the
surfaces with nanofibers outperformed those with nanopores which is probably
due to the lower solid fraction and possibly, also because of the reduction in
the water hammer pressure.

Furthermore, it can be seen that the surfaces functionalized with FDTS
molecules showed a slightly better performance than those functionalized with
OTMS ones which can be explained by the lower surface free energy of the
fluorinated molecules. Moreover, as expected from the drop impact test and
seen in Figure 6-5C, the surfaces functionalized with DMDES were impaled by
the slowest jets possible in the current setup.
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Overall, the combination of 𝜇𝑛𝑓 with FDTS functionalization showed the best
results in terms of jet impingement test. However, the OTMS coating
performed almost as good as FDTS functionalization, clearly alluding to the
strong role played by the underlying morphologies that make both coatings
almost interchangeable.

After characterizing the surface wettability, the durability of the best performing
surfaces (𝜇𝑛𝑓 ) was examined. As pointed out before, there is a myriad of
various durability tests characterizing the performance of the surfaces under
different conditions. In this work, the surfaces were subjected to two tests;
chemical stability performed in acidic and basic solutions (section (4.2.5)) and
mechanical robustness of the coatings examined via a standard tape peel test
(section (4.2.4)).

First, the chemical stability of the surfaces was examined and the results (in
terms of CAs and CAH) are presented in Figure 6-6. From the figure, it is
apparent that the surfaces deteriorate faster when exposed to acidic
environments. However, remarkably, all surfaces regardless of whether
functionalized with FDTS, OTMS or DMDES molecules show similar
degradation. The reason for such a result is probably because the harsh
solutions directly affect alumina without damaging the functional molecular
chains. To support this, the stability of the chains was additionally examined in
acidic and basic solutions. For that, chemically stable surfaces (glass slides)
that do not degrade in those solutions were functionalized as well. Then, the
glass slides were immersed in the chemicals for 24 hours showing no sign of
degradation at all. Thus, it was confirmed that the chains are stable, and the
degradation was due to the amphoteric nature of alumina, which forms
aluminium salt when in contact with acid or base [213].

After testing the stability of the surfaces in acidic and basic environments, the
surfaces were subjected to a tape peel test. There are various ways in which
the test can be performed which are chosen based on various parameters like
surface properties. In this work, the examined surfaces are very rough,
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therefore, the test was performed with a soft (flexible) tape so that it could
slightly creep into the asperities. As a result, the dwelling time of the tape had
to be carefully chosen since, for instance, when it was left to dwell overnight,
it could not be separated from the surface. Therefore, to avoid strong
mechanical interlocking, the dwelling time was chosen to be 30 seconds.

The outcomes of the tape peel test in terms of CAs and CAH are presented in
Figure 6-7. The figure shows that contrary to the surfaces functionalized with
OTMS and DMDES, those surfaces functionalized with FDTS are more
durable presenting almost no degradation after 50 repeated cycles.
Interestingly, the figure shows a significant performance deterioration (lower
receding CAs and higher CAH) of the surfaces functionalized with the OTMS
and DMDES molecules. The reason for the difference between the fluorinated
and methyl coatings can be explained by the fact that the surface free energy
of the fluorinated molecules is about four times lower than of the methyl ones.
As a result, the tape could adhere better to the unfluorinated coatings which
caused more damage to the coatings when the tape was removed. Moreover,
it is apparent from Figure 6-7 that the DMDES surfaces degraded the most.
The reason for this might be similar to that of the OTMS coating, however,
another failure mechanism may stem from the fact that Si-O-Si chains are
more flexible than C-C-C ones. Therefore, allowing them to bend during the
test which increases the contact area thus resulting in higher adhesion
strength to the tape.

6.4 Summary
Inspired by the mobility of the PDMS chains, a method to functionalize
textured, alumina surfaces with flexible and short chains of DMDES was
introduced. Thereafter, the performance of those surfaces was systematically
compared to the performance of surfaces functionalized with standard
fluorinated (FDTS) and unfluorinated (OTMS) molecules.
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Remarkably, it has been found that the extent of static wettability and chemical
stability of all surfaces was similar. Then, a significant contribution of the
underlying morphology was apparent during the dynamic tests, namely, drop
impact and jet impingement. The tests showed that textured, hierarchical
surfaces with fibrous nanofeatures augment the repelling ability the most. Not
surprisingly, the comparison also showed that the highest repelling ability was
achieved when surfaces were functionalized with the FDTS molecules.
Interestingly, however, functionalization with OTMS can make the surfaces
perform almost as good as those functionalized with FDTS.

The only significant advantage of FDTS molecules was shown to be their
mechanical durability. Surfaces functionalized with FDTS showed no
degradation after 50 cycles of tape peeling considerably outperforming the
surfaces functionalized with OTMS and DMDES.
The outcomes clearly indicate that given the right applications, the fluorinated
molecules can already be replaced with environmentally friendly ones without
undermining the performance of the surfaces. Moreover, the advantage of
being able to apply DMDES molecules can be useful in applications where a
thin and flexible coating is required (i.e. fabrication of icephobic surfaces).
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7 Evaluation of textured icephobic surfaces
As presented in the literature review, icephobic surfaces should fulfil the
following criteria: (I) they should repel impacting, supercooled droplets, (II)
delay freezing of droplets sitting on the surfaces, and (III) have weak icesurface adhesion strength.

In chapters 5 and 6, a sustainable and scalable texturing method of alumina
surfaces was established. Next, to render the surfaces superhydrophobic,
conventional fluorinated (FDTS) and unfluorinated (OTMS) molecules were
used. Then, it was shown how the aluminium surfaces can be functionalized
with flexible and eco-friendly molecules (OTMS). Thereafter, the functionalized
surfaces were subjected to various tests showing that in many cases, the
performance of all functionalizations is comparable.

This chapter will investigate the extent of icephobicity of the textured surfaces
functionalized with FDTS, OTMS and DMDES molecules. Thereafter, a
comprehensive comparison will be drawn, and the results will be discussed in
detail.

7.1 Ice adhesion strength test
As discussed in the literature review, surfaces can be defined as ‘icephobic’ if
they fulfil one of the following criteria: repel incoming and promote roll-off of
supercooled droplets, facilitate removal of ice or delay nucleation. The first
criterion

is

already

achieved

since

the

fabricated

surfaces

are

superhydrophobic. Superhydrophobic surfaces also have the potential to
reduce the adhesion strength of ice. Therefore, the focus of this section is to
examine the performance of the surfaces in terms of how well they promote
ice removal.
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The performance of the surfaces is affected both by the surface morphology
and functionalization making it hard to see the individual contribution of each
parameter. However, since the fabrication process of the surfaces consists of
two independent stages (texturing and functionalization), each stage can
separately be examined and optimized.

Therefore, to decouple the contribution of the functionalization from that of the
surface texture, the low surface free energy molecules were applied on
(smooth) glass slides. Then, the glass slides were subjected to an ice adhesion
test and the results are presented in Figure 7-1.

Figure 7-1: Outcome of ice adhesion tests performed on glass slides
functionalized with FDTS, OTMS and DMDES molecules. A bare
(unfunctionalized) glass slide was used as a benchmark.
As can be seen in the figure, glass slides functionalized with FDTS and OTMS
molecules present relatively similar adhesion strength values which are
considerably lower than those measured on bare glass. It is noteworthy that
glass slides functionalized with the DMDES molecules showed further
reduction of the adhesion strength outperforming the surfaces functionalized
with stiff molecules. This outcome clearly shows the benefit of using molecules
with flexible chains which promote mismatch between the surfaces and ice,
and thus facilitate ice removal.

176

Next, the contribution of surface morphologies was investigated. To this end,
the best textured surfaces (‘nf’, 𝜇𝑛𝑝 and 𝜇𝑛𝑓 ) were functionalized with FDTS,
OTMS and DMDES molecules and subjected to ice adhesion tests. Then, their
performance was compared and presented in Figure 7-2. To provide a
benchmark, adhesion strength was also measured on the ‘as-received’
aluminium surfaces (denoted as ‘as’) which were either functionalized or left
bare.

Figure 7-2: Outcome of ice adhesion tests performed on textured, aluminium
based superhydrophobic surfaces (‘nf’, μnp and μnf ) functionalized with FDTS,
OTMS and DMDES molecules plotted against the adhesion strength
measured on ‘as-received’ (‘as’), unfunctionalized and functionalized
aluminium surfaces.
Figure 7-2 shows that ice adhesion strength measured on the functionalized
‘as’ surfaces is lower than that measured on the bare ones, emphasizing the
advantage of the functionalization. Besides, textured, superhydrophobic
surfaces reduce the adhesion strength of ice from approximately 550 kPa
(measured on bare aluminium) to below 300 kPa. Furthermore, the figure
shows that the 𝜇𝑛𝑓 surfaces perform slightly better than the ‘nf’ and 𝜇𝑛𝑝 ones.
Interestingly, however, surfaces functionalized with DMDES molecules did not
present lower ice adhesion strength than those functionalized with FDTS and
OTMS molecules.
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7.2 Freezing delay test
After subjecting the surfaces to ice adhesion tests, their ability to delay freezing
was examined. As mentioned in the literature review, the fact that textured,
superhydrophobic surfaces present a reduced water-surface contact area
allows them to reduce the number of sites where heterogenous nucleation can
start, and thus delay ice nucleation.

To evaluate how efficiently the superhydrophobic surfaces delay nucleation,
the surfaces were subjected to a freezing delay experiment and the results are
presented in Figure 7-3.

Figure 7-3: Box plot (top) of freezing delay measured on different surfaces.
The abbreviations ‘as’, ‘sm’, ‘nf’, 𝜇𝑛𝑝 and 𝜇𝑛𝑓 stand for as-received, smooth,
one-tier nano-fibrous, hierarchical nano-pore and hierarchical nano-fibre
surfaces, respectively. Each box is based on measurements of 30-50 droplets.
The box size represents the first and third quartile of the measured time, the
line inside the box describes the median freezing time and the whiskers denote
the outliers. The filling colours, black, red and blue indicate the FDTS, OTMS
and DMDES molecules, respectively. The grey box represents the
unfunctionalized surfaces. The dashed, horizontal lines show the time when
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the temperature reached -15 and -16 °C. The columns (in the bottom bar plot)
show the percentage of droplets reaching -16 °C where the filled part of the
columns indicates how many droplets froze between 130 and 150 minutes.
The rest of the droplets (hatched part of the columns) remained liquid after 150
minutes when the experiment was terminated.
The figure shows two plots, a box plot (top) and a bar chart (bottom). The box
plot presents a distribution of the freezing delay times measured on textured
and benchmark surfaces. As with the benchmark surfaces, three types of
surfaces were used; ‘as’ functionalized and unfunctionalized aluminium
surfaces, and smooth functionalized glass slides. The reason behind using ‘as’
functionalized with FDTS molecules is that these surfaces present the highest
static CAs, and thus have the lowest contact area. In addition, it is important
to note that unfunctionalized textured surfaces (‘nf’ and 𝜇𝑛𝑓 ) were also
subjected to a freezing delay experiment. However, their results were not
included since the droplets immediately spread upon their placement
(completely wetting the surfaces) and froze within the first 10 minutes of the
experiment.

Moreover, owing to the fact that the experiment took place in an unsaturated
environment, the size of the droplets was continuously reduced (through
evaporation). It is known that freezing delay is related to the volume of the
droplets [195], therefore, the experiment was stopped after 150 minutes when
the volume of the droplets was reduced by ~50% (Figure 4-15). As a result,
some percentage of the droplets did not freeze and therefore were not included
in the freezing delay plot. Hence, to account for these droplets, an additional
bar chart is presented at the bottom of Figure 7-3. The columns in the chart
show the percentage of droplets that reached -16 °C (presented by the upper
horizontal line) while the filled parts of the columns indicate the amount of that
droplets that froze between 130 and 150 minutes (where the temperature was
kept at -16 °C). The rest of the droplets (represented by the patterned part of
the columns) remained liquid throughout the experiment. So, for example, it
can be seen that the average freezing delay time for 𝜇𝑛p surfaces
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functionalized with FDTS was about 85 minutes, 12% of the droplets reached
-16 °C and 8% of the droplets did not freeze at all.

7.3 Cyclic durability test
The cyclic durability tests examined the sensitivity of the surfaces to repetitive
icing/deicing and ice dislodging cycles. Such tests are crucial since icing
cannot be completely avoided. Namely, in certain conditions, even the best
icephobic surfaces will eventually be covered with ice. Thereafter, this ice will
be removed, and the surfaces will be exposed to similar conditions again.

Therefore, the focus of this section is to see how the wettability, ice adhesion
strength and the ability to delay freezing of the surfaces change with
icing/deicing cycles.

7.3.1 Wettability
To examine how the wettability is affected by the repetitive formation of ice,
the surfaces were subjected to multiple freezing delay experiments. Each
experiment consisted of the freezing delay, rapid freezing and defreezing
phases. Specifically, after the freezing delay phase, the temperature of the
chamber was rapidly reduced to -30°C. Next, DI water was poured on the
surfaces so that when it froze, the surfaces were fully covered with ice.
Afterwards, when the temperature of the surfaces reached -20°C, the chamber
was opened, and the temperature of the surfaces was raised until it started to
melt the ice. Then, after the 1st, 5th and 10th freezing/defreezing cycles, the
surfaces were dried and their CAs and CAH were measured. The outcome of
the measurements is presented in Figure 7-4 and Figure 7-5.

Figure 7-4 presents how the wettability changes with icing/deicing cycles on
functionalized glass slides. It is clear from the figure that all surfaces degrade
regardless of which low surface free energy molecules were used. Also, the
figure shows that all surfaces are not affected by one icing/deicing cycle.
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However, when subjected to multiple cycles, the performance of all surfaces
is compromised resulting in higher CAH.

Figure 7-4: CA degradation after icing/deicing cycles performed on glass slides
functionalized with FDTS, OTMS and DMDES molecules. The numbers on the
X-axis (0, 1, 5 and 10) stand for the cycle after which the CAs were measured.
Furthermore, it can be seen that in the beginning, the CAH of the glass slides
functionalized with DMDES molecules is the lowest (~ 5°). However, during
the tests, these slides undergo a higher extent of degradation so that after 10
cycles, the present CAH similar to the slides functionalized with FDTS and
OTMS (~ 35°).

Next, the change in the wettability of the textured, aluminium surfaces was
examined. To this end, the surfaces were first functionalized, then subjected
to freezing delay experiments. After each 1st, 5th and 10th icing/deicing cycle,
the CAs and CAH were evaluated and the outcome is presented in Figure 7-5.
Not surprisingly, the figure shows that all surfaces degrade (regardless of their
morphology and functionalization). In addition, two trends can be observed.
When compared across different morphologies functionalized with identical
molecules, it can be seen that 𝜇𝑛𝑓 surfaces are more durable than the other
ones showing lower degradation, and that 𝜇𝑛𝑓 functionalized with FDTS almost
did not degrade (CAH remained <10°).
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Figure 7-5: CA degradation after icing/deicing cycles performed on textured
surfaces (‘nf’, 𝜇𝑛𝑝 and 𝜇𝑛𝑓 ) functionalized with A-FDTS, B-OTMS and CDMDES molecules. The numbers on the X-axis (0, 1, 5 and 10) stand for the
cycle after which the CAs were measured.
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Furthermore, when comparing identical morphologies functionalized with
different molecules, surfaces functionalized with FDTS always present the
lowest degradation while those functionalized with DMDES molecules show
the highest degradation. For example, after 10 cycles, CAH on ‘nf’ surfaces
functionalized with FDTS grew from ~5° to ~15° while on the surfaces
functionalized with DMDES molecules became sticky and the droplets could
not be withdrawn.

7.3.2 Ice adhesion strength test
Next, after measuring how the wettability of the surfaces changes with
icing/deicing cycles, the surfaces were subjected to cyclic ice adhesion tests
and the results are presented in Figure 7-6 and Figure 7-7.

Figure 7-6 shows the results of cyclic adhesion tests measured on glass slides
functionalized with FDTS, OTMS and DMDES molecules. From the figure, it is
apparent that the adhesion strength of ice measured on glass slides
functionalized with DMDES is below 100 kPa whereas the adhesion strengths
measured on the slides functionalized with FDTS and OTMS molecules is
around 250 kPa.

Interestingly, Figure 7-6 shows that contrary to the observed degradation in
wettability, the icing/deicing cycles did not affect the adhesion strength. In
other words, all glass surfaces present relatively consistent adhesion strength.
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Figure 7-6: Outcome of cyclic ice adhesion tests performed on glass slides
functionalized with A-FDTS, B-OTMS and C-DMDES molecules. The dash
lines represent the average values.
Next, the textured surfaces were subjected to cyclic ice adhesion tests and the
results are presented in Figure 7-7. Similarly to the results observed on the
glass slides, the surfaces did not present any clear signs of degradation.
Interestingly, however, contrary to the glass slides, all surfaces regardless of
their morphology and functionalization presented comparable adhesion
strength values. Also, these values are more dispersed than those observed
on the smooth, glass surfaces and can range from 100 to 350 kPa.
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Figure 7-7: Outcome of cyclic ice adhesion tests performed on textured
surfaces (‘nf’, 𝜇𝑛𝑝 and 𝜇𝑛𝑓 ) functionalized with A-FDTS, B-OTMS and CDMDES molecules. The numbers on X-axis represent the cycle.
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7.3.3 Freezing delay test
Finally, the influence of the icing/deicing cycles on the ability of the surfaces to
delay nucleation was investigated. For this, the surfaces were subjected to
cyclic freezing delay tests and the results are presented in Figure 7-8 and
Figure 7-9.

First, the cyclic freezing delay tests were performed on functionalized glass
slides and the results are presented in Figure 7-8. From the figure, it is
apparent that all surfaces start with a high ability to delay freezing which
degrades with cycles. During the first freezing cycle, the average delay time of
all surfaces is around 100 minutes and a high percentage of droplets remained
liquid at the end of the experiment. During the 5 th freezing cycle, however, the
average delay time dropped to about 80 minutes and fewer droplets managed
to remain liquid at the end of the run. Then, during the last run, the average
freezing delay time dropped to about 50 minutes and none of the droplets
reached -16 °C.
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Figure 7-8: Outcome of cyclic freezing delay measured on glass slides
functionalized with FDTS, OTMS and DMDES molecules. Each box is based
on measurements of 30-50 droplets. The top box plot presents the outcome of
the freezing delay times. The box size represents the first and third quartile of
the measured time, the line inside the box describes the median freezing time
and the error bars denote the outliers. The filling colours, turquoise, orange
and pink indicate the FDTS, OTMS and DMDES molecules, respectively. The
dash, horizontal lines show the time when the temperature reached -15 and 16 °C. The columns (in the bottom bar plot) show the percentage of droplets
reaching -16 °C where the filled part of the columns indicates how many
droplets froze between 130 and 150 minutes. The rest of the droplets
(patterned part of the columns) remained liquid after 150 minutes at which
point the experiment was terminated. The numbers on the X-axis represent
the icing/deicing cycle.
Next, after testing the cycles freezing delay ability of the smooth surfaces, the
textured, superhydrophobic surfaces were subjected to similar freezing delay
experiments and the results are presented in Figure 7-9.

Not surprisingly, similar to smooth surfaces, the figure shows that the ability to
delay freezing does not remain throughout the cycles and keeps getting worse.
All surfaces, regardless of their morphology and functionalization, presented a
better performance in the 1st freezing cycle than in the 10th one.
Furthermore, Figure 7-9 shows that in the first five cycles, surfaces with 𝜇𝑛𝑝
morphologies perform slightly better than the other ones (‘nf’ and 𝜇𝑛𝑓 ) being
able to completely delay freezing of about 10 % of the droplets.
In addition, it can be seen that ‘nf’ and 𝜇𝑛𝑝 surfaces functionalized with FDTS
show the best durability. On these surfaces, even after 10 cycles, the average
freezing delay time remained around 75-80 minutes while on the rest of the
surfaces it dropped to 50 minutes. However, it is worth mentioning that if the
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surfaces are subjected to further cycles, their performance will probably keep
diminishing.

188

Figure 7-9: Outcome of cyclic freezing delay measured on textured surfaces
(‘nf’, 𝜇𝑛𝑝 and 𝜇𝑛𝑓 ) functionalized with A-FDTS, B-OTMS and C-DMDES
molecules. Each box is based on measurements of 30-50 droplets. The top
box plot presents the outcome of the freezing delay times. The box size
represents the first and third quartile of the measured time, the line inside the
box describes the median freezing time and the error bars denote the outliers.
The colours, turquoise, orange and pink indicate the FDTS, OTMS and
DMDES molecules, respectively. The dotted horizontal lines show the time
when the temperature reached -15 and -16 °C. The columns (in the bottom bar
plot) show the percentage of droplets reaching -16 °C where the filled part of
the columns indicates how many droplets froze between 130 and 150 minutes.
The rest of the droplets (patterned part of the columns) remained liquid after
150 minutes when the experiment was terminated. The numbers on X-axis
represent the icing/deicing cycle.

7.4 Discussion
As presented in the literature review, measuring ice adhesion strength is
difficult and becomes even harder when measured on textured surfaces. In
general, the challenges of measuring the adhesion strength can be divided into
those related to experimental setups and tested surfaces.

Clearly, how the experiment is performed affects the measured ice adhesion
strength. In this case, two aspects must separately be considered. The first
one is the experimental conditions, such as the temperature at which the test
is performed, the cooling rate, the type of water (purity, salinity or the amount
of dissolved gas), humidity and others. As explained by Makkonen [214], all
these factors affect the adhesion strength of ice. The second aspect, however,
is how the adhesion strength is measured. Specifically, which setup is used
(Figure 2-25) and how the dislodging of ice is performed. For instance, in a
‘shear’ setup, the ice is dislodged with a plunger. In this case, the stress
distribution at the ice-substrate interface, the rate at which the plunger moves,

189

whether it is sharp or blunt and the height at which it contacts the ice will affect
the measured adhesion strength.

In addition to the experimental uncertainties, another factor that affects the
adhesion strength is the unpredictable nature of ice formation like its molecular
structure and the extent of supercooling the water undergoes before freezing
which affects its expansion [215]. Therefore, it is common to have different
adhesion strength values even on identical surfaces tested in the same
experimental run.

Furthermore, another obvious parameter that significantly affects the adhesion
strength of ice is the substrate. It has been shown that the adhesion strength
of ice can be substantially reduced by tuning the substrate parameters (e.g.
stiffness, roughness and so on). Therefore, the main goal in this section is to
investigate how efficiently textured, superhydrophobic surfaces promote ice
removal. To this end, the contribution of the functionalization and of the surface
morphology should be separately investigated.

In order to find which low surface free energy molecules (FDTS, OTMS or
DMDES) reduce ice adhesion better, the molecules were applied on glass
slides. Then, the functionalized slides were subjected to ice adhesion tests and
the results are presented in Figure 7-1. In addition, for benchmarking, the
adhesion strength of ice was measured on unfunctionalized (bare) glass slides
as well. The motivation behind using glass slides is their surface homogeneity
and low roughness (Figure 5-3) which helps to reduce any ice-texture
interactions, thus making it possible to get a better insight into how efficiently
different molecules promote the removal of ice.

Not surprisingly, Figure 7-1 shows that the functionalized glass slides perform
better than the bare slides. It should be noted that the wide range of adhesion
strength measured on the bare glass accords well with the values reported in
the literature which are between 300 and 1.5 MPa [216,217].
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Interestingly, the values of the adhesion strength measured on glass slides
functionalized with FDTS and OTMS molecules are comparable with values
between 200 and 250 kPa. Yet, the values measured on slides functionalized
with DMDES molecules are lower (around 100 kPa). What can explain such
an outstanding performance is the mobility of the DMDES chains, which
contrary to the FDTS and OTMS chains can promote mismatch at the interface
between the surfaces and ice, and thus facilitate the debonding of ice. The
idea of facilitating mismatch by introducing a deformable interface was also
used to fabricate surfaces with ultra-low ice adhesion strength. However, the
difference between this study and the “ultra-low” surfaces is the thickness of
the coating. The length of the DMDES chains is about 2 nm whereas the
thickness of those coatings is larger than 300 µm which would completely bury
the morphology.

In addition, as presented by Makkonen [214], the adhesion strength of ice is
related not only to the surface free energy and shear modulus of a substrate
but also to its thermal expansion coefficient, or more accurately, the difference
between the expansion coefficients of ice and the substrate. Therefore, the
mobility of the chains can also help to reduce the interfacial stress caused by
different expansion coefficients, and thus reduce the adhesion strength of ice.

It should be noted, however, that after every dislodging stage, ice marks were
left on the surfaces (Figure 7-10). This observation can be explained by the
fact that a clean failure at the ice-surface interface is very rare. Usually, the
cracks initiate at the interface, yet, propagate in the interfacial region or in the
bulk of the weaker material. Therefore, the failure mechanism is typically
cohesive and not adhesive which explains the ice residue left on the surfaces.

Moreover, to compare the performance of the functionalized glass slides to
those reported in the literature, the results were plotted on a graph prepared
by Meuler et al. [123] and are shown in Figure 7-11. The figure clearly shows
that the values of the adhesion strength measured on the slides functionalized
with FDTS and OTMS molecules are similar to those reported by others, while
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those measured on the slides functionalized with DMDES are well below the
reported values.

Figure 7-10: Ice marks left after the dislodgment of ice columns. The images
show ice residue left on A – glass slide functionalized with FDTS, and B – 𝜇𝑛𝑝
surface functionalized with OTMS.

Figure 7-11: Average adhesion strength of ice measured on smooth surfaces
functionalized with FDTS, OTMS and DMDES molecules presented on a graph
plotted by Meuler et al. [123]. The figure shows average adhesion strength
(measured at -10 °C) plotted against 𝜃𝑅𝑒𝑐 for smooth surfaces (Meuler et al.)
and textured surfaces (Dotan et al. and Kulinich and Farzaneh). The dashed
and solid lines represent the linear best fit for their data.
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After measuring ice adhesion strength on smooth surfaces, the adhesion
strength was measured on textured, superhydrophobic surfaces and the
results are presented in Figure 7-2. In addition, to provide a benchmark, the
figure presents adhesion strengths of ice measured on ‘as-received’
functionalized and ‘as-received’ unfunctionalized (bare) surfaces.

Not surprisingly, Figure 7-2 shows that the highest adhesion strength was
recorded on the bare surfaces, which according to some literature can even
go beyond 1 MPa [136,216,218]. Next, simply by applying low surface free
energy molecules, the adhesion strength was reduced from 550 kPa down to
300-350 kPa. Then, to further reduce the adhesion strength, the morphology
of the surfaces was modified. Interestingly, however, is that contrary to the
reported adhesion strength values for textured, superhydrophobic surfaces
(Dotan et al. and Kulinich and Farzaneh, Figure 7-11) which are around 100
kPa, the values seen in Figure 7-2 are higher (between 200 and 300 kPa).

What can explain such a divergence is that the adhesion strength on rough
surfaces strongly depends on how ice adheres to them. Namely, the surfaces
can promote cracking and reduce the adhesion strength at those places where
the ice rests on top of the surface features (known as “Cassie ice”).
Alternatively, the surfaces can enhance the adhesion strength via mechanical
interlocking which happens when ice penetrates the surface texture (known as
“Wenzel ice”) [5]. The challenge with predicting how ice will bond is that the
bonding does not only depend on the surface parameters (morphology,
chemical, mechanical and thermal) but also on the experimental conditions.
For instance, as pointed out in [6,133], a transition from the Cassie-Baxter to
Wenzel state can occur when the cooling of droplets takes place in a humid
environment. This means that observing high CAs and low CAH at room
temperature (which are attributed to the Cassie state) does not promise
achieving “Cassie ice”. Therefore, during freezing, in some areas ice can be
formed in the Wenzel state which can explain the observed range of adhesion
strength in Figure 7-7 and Figure 7-11.
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Furthermore, Figure 7-2 shows that 𝜇𝑛𝑓 surfaces reduce the adhesion strength
better than ‘nf’ and 𝜇𝑛𝑝 ones, although, the difference is not significant.
Surprisingly, however, is that contrary to the reduction of the adhesion strength
observed on the smooth surfaces, textured surfaces functionalized with the
DMDES molecules did not present better performance than those
functionalized with FDTS and OTMS. In fact, the adhesion strength measured
on the DMDES surfaces was slightly higher than on the other ones.

What can explain these results is that on textured surfaces, the ability of the
DMDES molecules to move allows water and ice to penetrate the texture which
promotes the interlocking effect. Therefore, instead of reducing the adhesion
strength of ice, the flexibility of the molecules may actually enhance it.

Another interesting finding of the adhesion tests is presented in Figure 7-12
below. The figure shows the adhesion strength of ice measured on a widely
used aluminium alloy (6082-T) and on a pure aluminium (1199) surface. For
comparison, the results of the textured surfaces (𝜇𝑛𝑓 ) are presented as well.
The reason why pure aluminium is not that often used in the industry is
because of its high price, softness and low tensile and shear strengths (see
Table 7-1). In this work, however, it was used because it simplifies the texturing
process, specifically anodization. Clearly, once the pure aluminium surfaces
are anodized, they obtain the properties similar to those of the anodized
aluminium sheets used in the industry.
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Figure 7-12: Average adhesion strength of ice measured on textured (𝜇𝑛𝑓 ),
‘as-received’ aluminium alloy Al.6082 and ‘as-received’ pure aluminium
(Al.1199) surfaces functionalized with FDTS, OTMS and DMDES molecules.
Interestingly, Figure 7-12 shows that the adhesion strength of ice measured
on the unfunctionalized pure aluminium surfaces (Al. 1199) is much lower than
on the unfunctionalized alloy ones. Generally, the shear stress at the interface
depends on the difference between the shear moduli of ice and surface. A
larger difference between the shear moduli will cause larger shear stresses,
and thus lower adhesion strength. However, as presented in Table 7-1, since
the mechanical properties of the surfaces are relatively similar, the difference
between the adhesion strengths is probably due to the difference in their
chemistry. The alloy surfaces contain up to 5 % of various elements whereas
the pure surfaces contain less than 0.001 %. The additional elements, which
are added to make the surfaces harder probably make the chemical bonding
between the ice and alloy stronger. This finding highlights again the
importance of rationally choosing the material of the surfaces.
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Furthermore, similarly to Figure 7-2, Figure 7-12 also shows the benefit of
surface functionalization.
Table 7-1: Mechanical and thermal properties of pure aluminium (1199), a
widely used aluminium alloy (6082), alumina (𝐴𝑙2 𝑂3 ) and ice.
Material /

Al. alloy-1199

Al. alloy- 6082

𝐀𝐥𝟐 𝐎𝟑

Ice

Property

[219]

[220]

[221–223]

[214,224–227]

Purity

>99.99%

95.2-98.3%

Young’s
Modulus
Tensile
Strength
Shear
Modulus
Shear
Strength

62 GPa

70 GPa

140 GPa

9.33 GPa

45.0 MPa

260 MPa

665 MPa

0.6-3 MPa

25 GPa

26 GPa

53 GPa

3.5 GPa

34.0 MPa

170 MPa

330 MPa

0.05-0.5 MPa

Moreover, it is worth noting that even though the adhesion strength measured
on the textured surfaces is higher than that of the best performing icephobic
surfaces [131,228], the surfaces fabricated in this work have a few clear
advantages. The first advantage is the thickness of their functionalization.
Namely, the fabrication of surfaces that display ultra-low adhesion strength (<
10 kPa) relies on the presence of a thick gel, PDMS or lubricant layer at the
air-substrate interface. However, the presence of such a layer thermally
insulates the surfaces diminishing their ability to transfer heat to the
environment. As a result, such surfaces cannot be used in applications like
heat exchangers.

Another advantage of having a fine functionalization layer (below 3 nm) is that
it does not bury the surface morphology which can augment the ability of the
surfaces to repel and remove liquid droplets. In contrast to this, the thick,
smooth coating of the ‘ultra-low ice adhesion’ surfaces dissipates the kinetic
energy of the droplets and therefore hampers their removal.

Next, after testing how well the surfaces promote ice removal, they were
subjected to freezing delay experiments and the results are presented in
Figure 7-3. The results clearly show that textured, superhydrophobic surfaces
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delay freezing longer than the ‘as-received’ (‘as’) ones. Such an outcome is
expected since the average freezing delay time (𝜏𝑎𝑣𝑔 ) required for ice to start
nucleating (at a constant temperature 𝑇𝑆 ) is inversely proportional to the
nucleation rate (𝐽Φ ) (equation (2-15)). Therefore, to delay freezing, the
nucleation rate must be reduced.
According to the theory, and as presented in equation (2-16), 𝐽Φ depends
linearly on the contact area fraction (Φ) which for Cassie state is equal to the
solid fraction (𝜙), and exponentially on the wetting factor (𝑓). Therefore, to
minimize 𝐽Φ , 𝜙 should be reduced while 𝑓 should be increased. It is important
to note, however, that 𝑓 depends on 𝜃𝐴𝑑𝑣 which is also affected by 𝜙.
Therefore, changing 𝜙 will not only affect 𝐽Φ linearly but also through 𝑓. To
visualize the influence of 𝜃𝐴𝑑𝑣 on 𝑓 (equation (2-12)), the relationship is plotted
in Figure 7-13.

Figure 7-13: Wetting factor of a spherically convex surface (𝑓𝐶 ) is plotted
against the ratio 𝑅𝑎 ⁄𝑟𝑐𝑟 for varying 𝜃𝐴𝑑𝑣 values where 𝑅𝑎 and 𝑟𝑐𝑟 are the
roughness radius of curvature (not the RMS roughness) and critical ice
nucleus, respectively.
The figure clearly shows that higher 𝜃𝐴𝑑𝑣 lead to higher 𝑓, and thus reduce the
nucleation rate. Therefore, superhydrophobic surfaces having higher 𝜃𝐴𝑑𝑣

197

angles have also higher wetting coefficients. In addition, 𝜙 of the
superhydrophobic surfaces is at least four times lower than that of ‘as’
surfaces. Altogether, these lead to lower 𝐽Φ values and longer freezing delay
times recorded on the superhydrophobic surfaces.
In addition, Figure 7-13 shows that 𝑓 can also be affected by the 𝑅𝑎 ⁄𝑟𝑐𝑟 ratio
where 𝑅𝑎 is the roughness radius of curvature and 𝑟𝑐𝑟 is the critical nucleation
radius. 𝑟𝑐𝑟 of an ice germ is a function of ice-water interfacial free energy and
the volumetric free energy. Once the radius of an ice germ exceeds the critical
radius, a stable ice embryo is formed turning metastable (supercooled) water
into ice. Therefore, as presented in equation (2-16) and visualized in Figure
7-14, to extend the freezing delay times, 𝑅𝑎 values must be reduced.

Figure 7-14: Evolution of the nucleation rate (𝐽𝛷 ) as a function of substrate
temperature ( 𝑇𝑆 ) for two 𝑅𝑎 values. The growth rate of the nucleus increases
rapidly as the temperature is reduced.
In the case of smooth (‘sm’) surfaces where the root mean square roughness
is below 5 nm (Figure 5-3) and given that 𝑟𝑐𝑟 at -20 ºC is about 2 nm, 𝑅𝑎 ⁄𝑟𝑐𝑟
ratio is below 10 which considerably increases the wetting coefficient (green
line, Figure 7-13). As a result, ‘sm’ surfaces showed great delay times with a
high percentage of droplets remaining liquid at the end of the experiment.

Furthermore, Figure 7-3 shows the advantage of using molecules with lower
surface free energy. Specifically, ‘sm’ surfaces functionalized with fluorinated
FDTS molecules delayed freezing better than those functionalized with OTMS
and DMDES ones in terms of having a higher percentage of droplets reaching
-16 °C and remaining liquid at the end of the experiment. This outcome is
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directly related to the fact that the fluorinated molecules have the lowest
surface free energy which is exhibited through the highest extent of
hydrophobicity (CAs). The static CAs measured on the surfaces functionalized
with FDTS are higher than those on the surfaces functionalized with OTMS
and DMDES molecules.
It should be noted, however, that although ‘sm’ surfaces present a better
freezing delay performance than the textured ones, their limited ability to repel
droplets may be a disadvantage when attempting to delay freezing in dynamic
conditions.

In addition, Figure 7-3 shows that even though the average delay time
measured on all textured surfaces does not considerably differ (around 85
minutes), the percentage of droplets reaching -16 °C and remain liquid was
higher on the hierarchical surfaces than on ‘nf’.

Remarkably, despite some performance difference between the one-tier and
hierarchical surfaces, the results of the freezing delay experiment do not show
any significant difference between the low surface free energy molecules
applied on similar morphologies. This outcome can be explained by the fact
that the induced surface roughness makes all surfaces have similar CAs
regardless of the used molecules (cycle 0, Figure 7-5). As a result, the surfaces
present a similar freezing delay ability which emphasizes the contribution of
the rational surfaces texturing and the fact that the fluorinated molecules can
be replaced by the non-fluorinated ones.

After examining how well the textured surfaces promote ice removal and delay
freezing, their durability was studied. However, since the performance of the
surfaces is affected both by the functionalization and morphology of the
surfaces, separating these will make it easier to find which one caused the
degradation. For this reason, first, glass slides were functionalized and
subjected to multiple icing/deicing cycles. The CAs were measured after the
1st, 5th and 10th cycles and the results are presented in Figure 7-4.

199

The figure clearly shows that the wettability of the glass slides is not affected
after the 1st cycle. Yet, already after 5 cycles, all surfaces undergo a
considerable extent of degradation which keeps worsening with further cycles.
Interestingly, however, is that regardless of the applied functionalization, after
10 cycles, the CAH on all surfaces rose to a similar value (~ 35°).

The advantage of using glass slides is their homogeneously smooth
morphology (RMS roughness below 5 nm) and the fact that all low surface free
energy molecules can be directly applied on the surfaces. In other words, the
extent of the wettability is predominantly affected by the molecules and how
uniformly they cover the surface (and not surface texture). Following this, the
degradation in wettability stems only from the failure in functionalization.

Various mechanisms can severely impact the functionalizations, and thus
diminish the extent of hydrophobicity [229,230]. First, the formation of wetting
films on top of the chains that stem from the condensation of water vapour.
Second, hydration of oxygen atoms in the backbone structure of the
molecules, and third, hydrophilization of the surface where water molecules
are formed directly on the surface. Typically, to achieve visible degradation
requires prolonged exposure to vapour/water. However, because of the
excess pressure generated during the freezing phase that can exceed 100
MPa [231], the water molecules can reach the surface faster accelerating the
degradation rate which explains why all functionalizations were tremendously
affected by the cyclic icing/deicing tests.

After examining the durability of the functionalizations on the glass slides, the
functionalized textured surfaces were subjected to similar icing/deicing cycles
and the results are presented in Figure 7-5. As expected, the figure shows that
all surfaces, regardless of their morphology and functionalization, degrade.
The lowest degradation rate was observed on 𝜇𝑛𝑓 surfaces functionalized with
FDTS molecules where CAH remained below 10°. Conversely, the largest
degradation was observed on ‘nf’ surfaces functionalized with DMDES
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molecules where, after the 10th cycle, the droplets remained pinned. The rest
of the surfaces experienced similar degradation with CAH going from ~5° to
~35°.

Observing the wettability degradation of the smooth surfaces is important since
it already indicates that the performance of the textured surfaces will be
affected as well. However, contrary to the glass slides, the degradation of the
textured surfaces can also be caused by the damage to the morphology. This
can happen when some parts of a droplet are in a local Wenzel state [232] or
when condensation takes place inside the asperities [231]. In such cases, the
expansion of water will exert pressure on the texture features gradually
breaking them.

As mentioned above, when most parts of the water droplet freeze in local
Cassie states, the freezing should happen outside the surface texture without
affecting it. This may explain why 𝜇𝑛𝑓 surfaces (lowest 𝜙) functionalized with
FDTS molecules (lowest surface free energy) managed to preserve the
highest degree of wettability, whereas ‘nf’ surfaces (highest 𝜙) functionalized
with flexible DMDES molecules experienced the highest level of degradation
and eventually lost their ability to remove droplets.

Another point that should be noted is that in outdoor practical applications, the
degradation rate may even be higher. In the controlled laboratory environment,
the defreezing of the surfaces was carried on until they were dry. In practice,
the defreezing process is likely to stop while there is some water inside the
surface texture. As a result, not only will this reduce the wettability, but it will
also expedite the freezing.

After examining how the wettability of the surfaces changes with icing/deicing
cycles, new surfaces were prepared and subjected to cyclic ice adhesion tests.
Similar to the previous durability tests, the adhesion tests were performed first
on functionalized glass slides and the results are presented in Figure 7-6.
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Interestingly, however, that in contrast to cyclic wettability measurements, the
results of the ice adhesion strength experiments do not indicate any surface
degradation. Even though the measured values have some fluctuations, these,
as pointed out before, are probably due to experimental uncertainties.

What can explain these consistent adhesion strength values is the remaining
ice marks observed on the surfaces where the ice columns stood (Figure
7-10A). As explained before, these marks clearly indicate that the failure was
cohesive and not adhesive. Therefore, although the cracks initiate at the icesurface interface, their propagation takes place in the interfacial region.

After examining the smooth surfaces, the durability of the textured surfaces
was inspected through similar cyclic ice adhesion tests as well, and the results
are presented in Figure 7-7.

The figure shows that similarly to the results observed on glass slides, the
textured surfaces did not present any clear signs of degradation. In this case,
high fluctuations in the adhesion values probably stem from the surface
roughness which, as mentioned before, can either increase or reduce the
adhesion strength. Also, as on glass slides, ice marks were left after every
experiment indicating cohesive failure (Figure 7-10B). Yet, the fact that the
adhesion strength did not increase throughout the cycles emphasizes the
importance of the ability of the engineered surfaces to facilitate the formation
of cracks which then catastrophically propagate. Therefore, as long as there
are areas where such cracks can easily form exist, the adhesion strength of
ice should not change much.

Furthermore, similar to the results presented in Figure 7-2, textured surfaces
functionalized with DMDES did not present lower adhesion strengths than
those functionalized with other molecules. The reason for that, as mentioned
before, is that the adhesion strength of ice is likely to be predominantly affected
by mechanical interlocking, meaning that the contribution of chain mobility
becomes negligible.
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The last aspect examined in this work was how the ability of the surfaces to
delay freezing changes during icing/deicing cycles. As mentioned in section
(4.3), the runs of freezing delay experiment were simultaneously used to
investigate how surface wettability and freezing delay times change during
icing/deicing cycles. As presented in Figure 7-4 and Figure 7-5, after 10
icing/deicing cycles, the wettability of all surfaces is considerably reduced.
Therefore, intuitively the probability of initiating heterogeneous nucleation
should rise leading to shorter freezing delay times.

The results of the cyclic freezing delay experiments are presented in Figure
7-8 and Figure 7-9. As predicted, the results show that the ability to delay
freezing of all surfaces is substantially diminished. For instance, as can be
seen in Figure 7-8, during the first cycle, smooth surfaces could delay freezing
for almost 100 minutes with a substantial number of droplets remaining liquid.
Yet, after 10 cycles, the performance of these surfaces was considerably
worsened so that all droplets froze within 65 minutes.

Furthermore, Figure 7-9 shows that hierarchical surfaces perform slightly
better than the ‘nf’ ones showing longer freezing delay times in the first 5
cycles. The most durable surfaces are 𝜇𝑛𝑝 functionalized with FDTS molecules
which underwent a bit lesser degradation than the other ones. However, it
should be emphasized that after 10 cycles, the performance of all surfaces
becomes relatively similar.

Another point which is worth noting is that throughout the icing/deicing cycles
the wettability of 𝜇𝑛𝑓 surfaces functionalized with FDTS molecules was barely
affected, whereas that of ‘nf’ surfaces functionalized with DMDES molecules
was completely diminished (Figure 7-5). Interestingly, however, is that the
freezing delay results do not show any clear indication that certain texturemolecule combination is better than the others. What can explain this
observation is the scale of degradation. Namely, the CAs are less sensitive to
minor surface inhomogeneities than nucleation. In addition, a high degree of

203

surface homogeneity gives another advantage to glass slides over textured
superhydrophobic surfaces allowing them to delay freezing better.

Moreover, an alternative way to see the extent of the degradation is by looking
at the average nucleation temperatures. As described in section (4.3.3), the
freezing delay experiments are carried out in a chamber where the
temperature is gradually reduced. Thus, it is possible to see how the nucleation
temperatures change during the icing/deicing cycles. Intuitively, surfaces that
delay freezing longer should present lower nucleation temperatures and vice
versa.

The results of the freezing delay experiments in terms of average nucleation
temperature are presented in Figure 7-15 and Figure 7-16. The first figure
shows how the nucleation temperatures change during icing/deicing cycles on
functionalized glass slides. In the first cycle, the average nucleation
temperatures are around -15 °C. After the 10th cycle, however, they rise to
about -10 °C (on FDTS and OTMS functionalized slides). As illustrated in
Figure 7-14, 𝐽𝛷 exponentially depends on the nucleation temperature. Namely,
reducing the freezing temperature by 1 °C, will increase 𝐽𝛷 by one order of
magnitude. In other words, Figure 7-15 emphasizes the extent of degradation
that the surfaces underwent by showing the rise in the average nucleation
temperatures.
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Figure 7-15: Box plot of nucleation temperatures measured on functionalized
glass slides after 1, 5 and 10 icing/deicing cycles. Each box is based on
measurements of 30-50 droplets. The box size represents the first and third
quartile of the measured temperatures, the line inside the box describes the
median nucleation temperature and the error bars denote the outliers.
Furthermore, Figure 7-16 presents the nucleation temperatures measured on
textured surfaces. The figure shows that like the glass slides, all textured
surfaces degrade. The lower degradation is observed on 𝜇𝑛𝑝 surfaces
functionalized with FDTS molecules, where the nucleation temperature
remained relatively low (around -14 °C). Yet, as mentioned before, it is very
likely that these surfaces will keep degrading if subjected to further
icing/deicing cycles.
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Figure 7-16: Box plot of nucleation temperatures measured on textured
surfaces (‘nf’, 𝜇𝑛𝑝 and 𝜇𝑛𝑓 ) functionalized with A-FDTS, B-OTMS and C-
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DMDES molecules. Each box is based on measurements of 30-50 droplets.
The box size represents the first and third quartile of the measured
temperatures, the line inside the box describes the median nucleation
temperature and the error bars denote the outliers. The numbers on the X-axis
represent the icing/deicing cycle.

7.5 Summary
In this section, the extent of icephobicity of the textured superhydrophobic
surfaces functionalized with three different molecule types was examined.
Four aspects were investigated: the ability of the surfaces to promote drop
removal, the ability to reduce the adhesion strength of ice, the ability to delay
freezing of static droplets, and their durability under icing/deicing cycles. In
addition, for benchmarking, smooth and ‘as-received’ surfaces were subjected
to similar experiments and their performance was compared to that of the
textured surfaces.

Clearly, since the fabrication process was developed in such a way that it
promotes the hydrophobicity of the surfaces, all textured surfaces present very
high CAs (>150°) and low CAH (~5°). However, during the icing/deicing cycles,
the degree of hydrophobicity deteriorated so that after 10 cycles, the CAH rose
to ~35°.

Next, the surfaces were subjected to ice adhesion tests. The results show that
the adhesion strength of ice on textured surfaces is considerably lower than
on bare surfaces, yet, it is not much lower than on functionalized ‘as-received’
surfaces.

Furthermore, two interesting outcomes were observed in the ice adhesion
experiments. First, using low surface free energy molecules that have flexible
chains can reduce the adhesion strength of ice. However, for this to happen,
the molecules must be applied on surfaces with compatible texture. The
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second observation is that even without any functionalizations, pure aluminium
surfaces present very low adhesion strength.

Another interesting observation was that the adhesion strength of ice does not
change with icing/deicing cycles. However, this outcome is probably due to the
fact that the delamination of ice took place inside the bulk of ice. Therefore, in
order to see how ice adhesion strength changes with icing/deicing cycles, the
delamination of ice must consistently occur at the ice-surface interface.
Moreover, in the 1st freezing cycle, the results of freezing delay experiments
accord well with the theory showing the advantage of smooth surfaces.
However, after 10 cycles, the performance of all surfaces considerably
deteriorates so that there is no much difference between the freezing delay
times of the smooth and textured surfaces.

To conclude, the main observation in this section is that all functionalizations
rapidly degrade when subjected to icing/deicing cycles. As a result, the
surfaces lose their icephobicity. Therefore, more effort must be put into
developing durable functionalizations. Another implication of the degradation
is that new surfaces must be fabricated for every new evaluation.
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8 Conclusions
In this section, the most important findings of this study are recapitulated and
presented in relation to the aims and objectives as defined in section (1.3).

Influence of morphology on wetting and capillary resistance

First, a scalable, texturing process of aluminium surfaces was established and
optimized. To achieve this, an anodization setup (described in section (4.1.4))
was built. Then, as presented in section (5), the texturing process of aluminium
was set up and step by step optimized. Specifically, at first, the polishing
process was established in benign and environmentally friendly chemicals.
Then, the anodization process was optimized as well. During the optimization
of anodization, an alternative method allowing the removal of the oxide layer
without the use of any harsh chemicals was found. Therefore, the established
processes are scalable, safe and easy to use in nonspecialized labs.

Next, using the processes above, textured aluminium surfaces were
fabricated. These surfaces had either one-tier or hierarchical morphologies.
The one-tier morphologies could have micro-, nano-porous- and nano-fibrousfeatures. It has been found that only surfaces covered with nano-fibres could
efficiently resist drop impacts and repel water jets.

Thereafter, to augment the capillary resistance of the one-tier surfaces,
surfaces with hierarchical morphologies were fabricated. To achieve the
hierarchical morphologies, fist, surfaces with micro-features were prepared.
Next, these surfaces were subjected to the anodization process which was
followed by pore widening. As a result, all hierarchical surfaces had similar
micro features but could have different nano features (pores or fibres). Then
the surfaces were subjected to a series of tests showing that all hierarchical
surfaces present excellent drop mobility and capillary resistance.

209

Environment-friendly functionalizations with stiff and flexible chains

The fabrication protocol of flexible PDMS chains was borrowed from another
study. However, since the fabrication of these chains requires a polymerization
process carried out in very acidic environments, it cannot be used directly on
aluminium surfaces. Therefore, a passivation method of the surfaces had to
be established first. Then, the polymerization process of the PDMS chains was
specifically modified for the textured surfaces.

Next, the textured surfaces were functionalized with conventional fluorinated
and unfluorinated low surface free energy molecules, and the performance of
these surfaces and those functionalized with flexible chains was systematically
compared. It is interesting to note that the findings show that in many cases,
the performance of the surfaces functionalized with fluorinated and
unfluorinated molecules is comparable. Therefore, first, it emphasizes the
significant contribution of the surface morphology. Second, it means that for
certain applications, the fabrication of the surfaces can become fully
sustainable.

Assessment of the icephobic surfaces

To examine how well the surfaces resist ice, three aspects were investigated:
their ability to reduce the adhesion strength of the ice, their ability to delay
freezing of static droplets, and their durability under icing/deicing cycles. For
this, first, as presented in section (4.3), a benchtop cooling chamber was built.
Then, the evaluation of the surfaces was performed.

First, the surfaces were subjected to ice adhesion tests. The findings of the
tests can be divided into two: those related to the textured surfaces and
general ones. The former show that textured surfaces present lower adhesion
strength than surfaces which were not treated at all. However, it is not as low
as some studies report, and, as a matter of fact, the measured adhesion
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strength values are comparable to those measured on functionalized, ‘asreceived’ surfaces.

During the ice adhesion tests, it was observed that low surface free energy
molecules with flexible chains can reduce the adhesion strength of ice better
than the conventional (stiff) molecules. However, for this to happen, the
molecules must be applied on surfaces with compatible morphologies (i.e.,
smooth surfaces).

In addition, it was found that pure aluminium surfaces present very low
adhesion strength. This is a very interesting finding since it means that surface
purity can reduce the adhesion strength of ice. In other words, icephobicity can
be achieved simply by using high purity aluminium (completely avoiding
surface fabrication). This can be exploited in applications where thermal
conductivity is crucial, for example, heat exchangers and industrial
refrigerators. The reason for this is that such surfaces are inherently icephobic
and therefore do not require any additional functionalization layers which are
usually thermally insulative.

The last conclusion from the ice adhesion tests was that the tests should not
be used to estimate degradation. The reason for this is that the delamination
of ice usually takes place inside the bulk of ice. Therefore, unless the
delamination consistently occurs at the ice-surface interface, the tests will not
show any degradation.

After the ice adhesion tests, the surfaces were subjected to freezing delay
experiments. The findings of these experiments show that the textured
surfaces present longer delay times than the ‘as-received’ ones. However,
after 10 icing/deicing cycles, the performance of the surfaces considerably
deteriorates. The outcome of the cyclic durability tests shows that all
functionalizations rapidly degrade when subjected to icing/deicing cycles. As
a result, the surfaces lose their hydrophobicity and icephobicity. Therefore, to
improve the durability of the surfaces, more effort must be put into developing
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durable functionalizations. Furthermore, it is worth mentioning that another
direct implication of these findings is that new surfaces must be fabricated for
every new evaluation test performed in sub-zero environments.

8.1 Summary of research contributions
In this study, an environment-friendly texturing method of aluminium surfaces
was introduced allowing easy and scalable control of the surface morphologies
on the micro- and nano- levels. Then, it was shown that hierarchical
morphologies which combine micro- and nano- features present the highest
capillary resistance and drop mobility.

Next, a way to functionalize the textured surfaces with stiff and flexible,
unfluorinated low surface free energy molecules was presented making the
fabrication icephobic surfaces to be fully sustainable. Then, a detailed
comparison between the performance of the surfaces functionalized with stiff,
flexible unfluorinated and fluorinated molecules was drawn. The results show
the immense contribution of the surface morphology leading to similar
performance of the surfaces functionalized with fluorinated and unfluorinated
molecules.

Then, the performance of the textured surfaces was examined in cold
environments. The results of ice adhesion tests show that even though the
adhesion strength of ice on the textured surfaces is lower than on surfaces
which were not treated at all, still, it is considerably higher than that of the best
performing surfaces which have a smooth and soft ice-surface interface.
Furthermore, the results of the cyclic freezing delay experiments exposed a
big issue with the durability of the low surface free energy molecules which
leads to a decrease in the extent of hydrophobicity and icephobicity of the
surfaces.

Moreover, there were additional two observations. First, low surface free
energy molecules with flexible chains have the potential to further reduce the
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adhesion strength of ice better extending beyond that achieved with the stiff
molecules. Second, surfaces made of highly pure aluminium present a very
low adhesion strength even without being functionalized.
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9 Future work
The main goal of this study was to nanoengineer surfaces for anti-icing. The
study started with establishing and optimizing the surface texturing process.
Then, it investigated various functionalizations, and finally the performance of
the surfaces in freezing conditions. During the work, in parallel to achieving the
milestones, various gaps were identified. Therefore, following similar steps, the
recommendations are categorized into three areas: research into the
fabrication process, improvement of the functionalization and research
towards better icephobic surfaces.

Research into the fabrication process
•

In this work, the working material was high purity aluminium. The reason
for choosing this material was that it simplifies the anodization process.
Specifically, anodization of high purity aluminium surfaces can be
performed in simple electrolytes like oxalic or phosphoric, and the
formed pores are relatively uniformly distributed across the surface.
However, the disadvantages of using such aluminium are its softness
and high cost. Therefore, industries usually use various aluminium
alloys. Since alloys contain different elements and more defects, the
outcome of the anodization process will not be the same. Therefore, the
processes cannot be directly transferred and must be optimized for
industrial use.

•

During the optimization of the anodization process, a technique allowing
a simple and friendly detachment of the formed oxide layer was
presented but not optimized. It is worth investigating this process since
the removal of the oxide layer is usually performed in highly toxic
chemicals. Therefore, it can be beneficial for the high-tech industries
which use the two-step anodization process for nanofabrication.
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•

One of the biggest disadvantages of the two-step anodization process
is the time it takes. Therefore, it would be of great benefit if one-step
anodization could lead to highly ordered morphologies. It was reported
earlier [183] that it can be done via pre-patterning of aluminium
substrates. The problem, however, is that current techniques are limited
to small coupons and cannot be scaled up. Therefore, it can be
interesting to look into various scalable methods that could be used to
pre-pattern aluminium.

Improvement of the functionalization
•

The presence of the mobile chains showed good high drop mobility and
lower ice adhesion strength than the conventional molecules. The
issue, however, was that the used polymerisation process is limited to
the formation of relatively short chains. Therefore, an interesting
research direction could be finding a way to control the length of the
molecules.

•

In this work, aluminium was passivated with TEOS. However, there is a
plethora of chemicals which are stable in acid and whose deposition
process may be easily controlled.

•

The polymerization process was adopted from a paper which reported
the high mobility of low surface free energy liquids (e.g. oil). Therefore,
it would be interesting to look into how surfaces with different molecules
repel and promote drop removal of various liquids.

Research towards better icephobic surfaces
•

In this work, it has been observed that all surfaces degrade when
subjected to repetitive icing/deicing cycles. This observation is not
surprising and has already been reported before [82,131]. Naturally, the
durability issue is problematic since making the surfaces durable is one
of the key parameters for achieving good icephobic surfaces.
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It is interesting to note, however, that durable icephobic surfaces do
exist [7,143,233]. One of the methods to enhance mechanical durability
relies on depositing a thin polymer layer before applying the coating
[234,235]. The coating that comes afterwards is relatively thick (microscale) which can be problematic if applied on the textured surfaces
since it would bear the surface texture (defeating the whole idea of using
the texture to enhance hydrophobicity). Nevertheless, the idea of having
an additional thin polymer layer which could enhance mechanical
durability is worth exploring

•

The findings of ice adhesion tests showed that even without being
functionalized, pure aluminium surfaces present low adhesion strength.
This is a very interesting finding which can have a positive impact on
applications like industrial refrigerators where thermal conductivity is
crucial.
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10 Appendix
Drop impact experiment (in sub-zero conditions)

Figure A1: Schematic diagram of the ‘drop impact’ setup. The inset illustrates
the exploded view of the temperature control module: (1) nozzle, (2) aluminium
block, (3) Peltier modules, (4)aluminium holder, (5)Perspex discs, (6) Perspex
windows, (7) brass pipe-to-pipe connector and (8) aluminium bracket,
reproduced from [194].
Figure A1 shows the design of the lid for the ‘drop impact’ test. There are two
requirements which the setup must fulfil. The first one is to facilitate conducting
drop impact experiments in cold environments. Therefore, the whole setup is
sealed from the ambient environment. The second is to control the initial
temperature of the free-falling droplets. To do so, a special housing has been
manufactured.

First, a nozzle (1) containing a thermocouple inside is placed inside an
aluminium block (2). Then, two small Peltier modules (20x20mm) (3) are
pressed to the sides of the block. The block and the modules are fitted into a
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specially designed aluminium holder (4) making sure that it has contact only
with the modules (without touching the block). The whole structure is then
clamped together with two Perspex discs (5). Finally, the clamped structure is
fitted into a copper pipe (top pipe) so that the aluminium holder touches the
pipe wall and heat could be well conducted. The top pipe has two Perspex
windows (6) to allow visual monitoring of the suspended liquid from the tip. As
a precaution, to avoid burning the sensitive modules, their temperature should
be monitored. Hence, thermocouples are installed inside the aluminium holder
and block. The top pipe can be easily connected to the rest of the pipe
protruding from the chamber (bottom pipe). The control of the height from
which the drops are released can be achieved by replacing the bottom pipe
with a different length of a pipe.

The advantage of such a design is that the temperature of the nozzle can be
controlled by the Peltier modules. When the drops are cooled, the heat
generated by the modules is conducted to the top pipe, which is used as a
heat-sink. To reduce its temperature, the top pipe is connected to the bottom
pipe with a brass pipe-to-pipe connector (7). The lower part of the bottom pipe
is clamped to an aluminium bracket (8) which is pressed against the heat
exchanger. To improve heat transfer between different interfaces, thermal
paste and thin thermal pads are used. Conversely, pipe insulation is used to
diminish heat transfer from the copper pipe to the room environment.
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Airflow experiment

Figure A2: Schematic diagram of the setup to accommodate the airflow
experiments: (1) lift mechanism, (2) openings for the surfaces and the drops,
(3) opening to suspend the droplets and (4) axial blower, reproduced from
[194].
Figure A2 shows the design of the lid and wind tunnel to induce airflow over
the test-surfaces in cold environments. As was mentioned in the Influence of
environmental conditions (2.4.2.3) section, airflow can trigger nucleation.
However, airflow can also facilitate the removal of the droplets before they
nucleate. Finally, airflow can shed ice from the surfaces when the ice adhesion
strength is sufficiently low.

After loading the test samples, a transparent, U-shape tunnel, made of
Perspex, is lowered onto the first sample. The up and down movement of the
tunnel is achieved via a lift mechanism (1). The tunnel has one centre hole for
the main shaft to pass through, and two shifted opening (2). The rectangular
opening at the bottom is of the same size as the test surfaces (20x20mm).
Thus, it can be lowered onto them so that the generated airflow can flow across
the surfaces. The second opening is created at the top of the tunnel and is
aligned with the rectangular opening and the main opening (3) so that droplets
can be placed on the surfaces. To generate an air stream inside the tunnel, it
is fitted with an axial blower (ARX, with maximum flow rate of ~7 𝑚3 /ℎ) (4).
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