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Abstract

In colder climates, ice formation and accumulation are a major safety hazard, which cause
significant damage to infrastructure. These factors reduce operational efficiency and puts
human safety at risk. For example, ice formation on aircraft wings can reduce aerodynamic
performance, speed, and lift, and impede the movement of critical components, leading to
unsafe situations.

Efficient anti-icing and de-icing methods are therefore essential to mitigate these risks.
Anti-icing and de-icing techniques are generally divided into active and passive systems.
Active systems require an external energy source and are usually very effective, but these
methods have several drawbacks, including the need for continuous external energy and
potential damage to aircraft materials. Alternatively, passive methods such as anti-icing fluids
and icephobic coatings prevent ice formation without requiring external energy. However, anti-
icing fluids are costly, environmentally harmful, and require frequent reapplication, increasing
operating costs and labour. On the other hand, icephobic coatings use chemical or physical
surface modification to impart anti-icing properties.

Within this context, icephobic coatings are one of the best solutions to prevent or inhibit ice
formation and accumulation. However, designing effective and durable icephobic surfaces is
a challenge due to the complex and varied nature of ice formation influenced by environmental
conditions. To develop these coatings, it is important to have a deeper understanding of the
mechanisms of adhesion between ice and surfaces, to compare different technologies to
identify the best possible solution, and to quantify their efficacy. Ice adhesion strength is one
of the key parameters used to assess ice adhesion to a particular surface. To determine ice
adhesion strength, several mechanical test configurations have been developed, such as the
tensile test, the centrifugal test, the vertical shear test and the horizontal shear test.

In the literature, the majority of tests have focused on understanding how surface topology
affects ice adhesion strength, but no studies have focused on the effect of external factors or
environmental degradation, even though both of these aspects are critical when considering
the long-term durability and the real-world application of icephobic coatings.

The aim of this thesis is to address this gap with a systematic research approach. Four
different materials were used; Teflon, polypropylene (PP), polyurethane (PU), and 6082
aluminium alloy (polished and unpolished). Particles of PVC and SiO2 were introduced on
the surfaces to simulate dust particles of different chemical nature, while silicone oil and UV
radiation were used to simulate surface contamination and degradation. Ice adhesion strength
was evaluated using a home-built horizontal shear test set-up.

The research revealed an increase in ice adhesion with the presence of dust particles
at the interface between ice and the aluminium substrates. On the other hand, for the
polymer substrates, the ice adhesion strength was influenced by the interaction between
the dust particles and the substrates themselves. Finally, UV radiation degradation and oil
contamination led, in most cases, to a decrease in ice adhesion strength. The results showed
some unexpected behaviour, indicating that more attention should be paid to the effect of the
environment on ice adhesion.
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1
Introduction

The unwanted formation of ice on surfaces can cause serious problems in a wide range
of industries, such as telecommunications, power generation and distribution, infrastructure,
offshore platforms, shipping and aviation, and all other forms of transport [1–4]. It has been
reported that the problem of ice formation and accumulation is particularly prevalent in cold
and mountainous areas such as Scandinavia, the Alps, North America, Russia, Japan, China
and even South Africa [5, 6].

Ice accumulation can become a safety hazard to both instrumentation and people, as
experienced by the Colgan Air Flight 3407 accident on 12 February 2009 involving a
Bombardier Q400 [7]. The aircraft entered an aerodynamic stall due to a significant ice
accretion on the wings and crashed into a house, killing a total of 50 people (all 49 passengers
and crew on board and one person in the house). In terms of flight safety, the formation and
accumulation of ice on external surfaces is to be considered one of the most dangerous risks
to which an aircraft can be exposed. It can increase total weight, alter aerodynamics, and
impact controllability of the aircraft, thereby seriously compromising flight safety [8]. In addition,
critical instruments can be damaged by ice blockages in pitot-static systems, resulting in
errors in airspeed, altimeter and vertical speed indicators. Before 1980, the number of aviation
accidents caused by icing problems was approximately 500. As the number of commercial
flights increased, so did the number of accidents. In the period 1982-2000, 583 aviation
accidents in the USA alone identified icing as the primary cause, resulting in more than 800
fatalities [9]. In more recent years, with the development of anti-icing strategies, icing is still
considered one of the major external causes of accidents in aviation [4].

Ice formation can also cause serious damage in other areas, as mentioned above.
Excessive ice formation on wind turbines can increase structural loads, alter aerodynamic
performance and reduce overall productivity [10] and the heavy loads caused by ice build-up
on seagoing ships change the centre mass point of the ship and affects its manoeuvrability
[11]. Increased loads on a structure due to ice also affect engineering structures, as happened
in January 1998 in eastern Ontario and southern Quebec in Canada, where an ice storm and
subsequent heavy ice load caused the collapse of 35000 distribution line structures and the
destruction of 1300 high voltage power-line towers [12]. This event caused 25 deaths and left
more than 2 million people without electricity for more than two weeks. The total cost of the
damage was estimated to be in the magnitude of billions of dollars [12].

The problems caused by ice formation have shown how vulnerable modern societies
are to ice and how difficult it is to predict the damage it can cause, both economically and
socially. It is therefore essential to manage and reduce the risk of ice accretion, in order
to increase safety and reduce the economic losses caused by failures and incidents. To

1



1.1. Ice protection 2

achieve this, it is necessary to develop effective methods for delaying or preventing the
formation of ice on surfaces. These methods are discussed in section 1.1, with a special
focus on icephobic coatings in section 1.2, where the mechanics of ice formation and the latest
icephobic technologies are described. For the development of improved coatings, it is essential
to measure their effectiveness accurately, which requires a universal test method. Existing test
methods are described in section 1.3, along with the problem of lack of standardisation.

This thesis aims to gain a deeper understanding of how ice adheres to surfaces and how
this adhesion is influenced by the presence of defects on the surfaces. The test results will be
analysed to compare ice adhesion on different materials across various types of defects. The
scope of this thesis is outlined in the last section of this chapter.

1.1. Ice protection
Various solutions to prevent ice accretion or to reduce ice adhesion strength on the structure
have been developed and utilised. They can be divided in two main groups: anti-icing and
de-icing systems [13]. The goal of anti-icing systems is to minimise nucleation and ice
accumulation, while the main objective of de-icing systems is to minimise the energy required
to remove ice from the surface, meaning ice is first formed and then removed. Each system is
then divided into active and passive systems.

De-icing methods allow ice to accumulate on the surface before it is removed, so there are
minimal passive methods that fall under this category. An example of this is the use of de-icing
fluids on iced surfaces, as shown in Figure 1.1.

Figure 1.1: De-icing of an airplane with de-icing fluids 1.

1Source: www.airliners.net/photo/Aeroflot-Russian-Airlines/Airbus-A330-243/1710354

www.airliners.net/photo/Aeroflot-Russian-Airlines/Airbus-A330-243/1710354


1.1. Ice protection 3

This is one of the most widely used methods for aircraft, but it can be very expensive. The
cost and frequency of de-icing can vary depending on multiple factors [14]:

• Type of ice: if it is only a light layer of frost or snow, less fluid is required and the operation
will be less expensive.

• Size of the aircraft: larger aircraft mean more fluid and higher overall costs.
• Geographical area: flights in colder regions will end up with more ice to remove and
therefore the de-icing operation will be more expensive.

• Period of time in heavy ice conditions: for example, if the aircraft has been out all night,
the de-icing operation will take more time and consequently be more expensive.

• Market conditions: the availability and cost of de-icing fluids, as well as labor costs, can
fluctuate and impact the overall cost.

It has been estimated that the cost of de-icing an aircraft can range from $3,000 to $22,000.
Two other methods have been proposed, however their effectiveness has not yet been

tested. The first method is called active pitching and can only be used in light conditions, as
the idea behind this system is to expose the iced surface to the sun so that the ice melts or the
ice load is released [15]. The second proposed method is based on flexible blades that help
to shed the ice formed since they are flexible enough to crack the loose ice [16].

Active de-icing methods use thermal or mechanical techniques and include manual
removal of ice [15]. An example of mechanical technique is flexible pneumatic boots, which
remove ice by varying the profile of the surface when inflated. Instead, methods using thermal
techniques are, for example, those based on utilising warm air or heating resistance (which can
be classified as anti-icing methods if they are used during operation to prevent ice formation).

Active anti-icing methods use the same techniques as thermal de-icing systems [15],
such as heating resistors and warm air. Passive anti-icing methods include chemicals (anti-
icing fluids, which are more expensive than de-icing fluids but typically require less frequent
application) and icephobic coatings designed to prevent or reduce the accumulation of ice on
the surface before it forms.

Active systems consume energy to operate, which means they are expensive. They also
add weight and require more restrictive design requirements, making them difficult to integrate
into an efficient aircraft design. On the other hand, passive systems based on anti- and de-icing
fluids also have disadvantages. De-icing fluids are expensive, time consuming, and can have a
have a significant impact on the environment. They also gradually lose their effectiveness and
can also corrode the surface they are designed to protect. Icephobic coatings are therefore one
of the best options, as they require no energy or active components and protect the substrate.
This makes them an attractive solution for preventing or delaying ice accumulation or reducing
the ice adhesion strength on the substrate.

In recent years, research has increasingly focused on the latter solution [17–22], which
when used in combination with active de-icing systems reduces energy consumption and
weight. However, the production of durable icephobic surfaces is not simple. Ice formation
is sensitive to the different environmental conditions that can occur, and these differences
in ice formation make it difficult to develop consistent icephobic surfaces that work in every
environment.
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1.2. Icephobic coatings
In order to develop anti-icing surfaces, it is necessary to understand how ice adheres to a solid
surface, the parameters that influence the adhesion, and the different ways in which ice can
form on a surface. Ice adhesion to a solid surface is influenced by both the wettability of the
surface and the interactions between the polar molecules of ice and the surface itself. Surface
wettability is determined by the water contact angle (WCA), which depends on the surface
free energy and the surface roughness, i.e. its micro- and nanostructure. The main physical
mechanisms influencing ice adhesion are van der Waals forces, hydrogen bonding, and
electrostatic interactions, with electrostatic interactions being the most important. To reduce
ice adhesion to surfaces, it is necessary to minimise either the contact area or the electrostatic
interactions between the ice and the surface. For the latter, low permittivity materials, such as
low surface energy polymers, can be excellent candidates for icephobic coatings. Whereas to
reduce the contact area, the surface morphology can bemodified to change the hydrophobicity
of the coating (i.e. the water contact angle). To achieve this, it is necessary to understand how
surface free energy and surface roughness affect surface wettability. In this section, the factors
that influence surface wettability are discussed (subsection 1.2.2), together with an overview
of recent developments in icephobic coatings (subsection 1.2.3). This is preceded by a brief
introduction to ice formation on surfaces (subsection 1.2.1).

1.2.1. Ice accretion on surfaces
Ice formation on surfaces is highly complex and is influenced by various environmental factors
and surface conditions. Understanding how ice forms and the properties of ice is critical to
selecting the best strategy for protecting surfaces from ice. Ice accretion is defined as the
accumulation of ice or snow on surfaces [23]. Atmospheric icing can occur under three main
conditions and can have different characteristics: in-cloud icing, precipitation and frost. The
type of ice is an important factor in analysing the adhesion of ice to a surface, as the differences
in density and microstructure result in different methods of adhering to a surface [24].

In-cloud icing occurs when supercooled water droplets collide with supercooled surfaces.
The water droplets can be supercooled to temperatures as low as -30°C and, due to their size,
are still in liquid form. The accumulation of ice due to cloud icing is influenced by the size of the
water droplets, the number of droplets hitting the surface and the atmospheric conditions (such
as wind speed and temperature). The latter factors determine the shape of the accumulated
ice:

• Soft rime ice: usually has low adhesion and low density and typically forms when the size
and number of water droplets are limited, i.e. when the water content is low and when
the temperature is between -40°C and -20°C. It forms a thin layer of ice as a result of
the small supercooled water droplets impacting the surface and freezing immediately.

• Hard rime ice: is more difficult to remove and has a higher density than soft rime. It forms
when the water droplet size and the number of droplets are larger.

• Glaze ice: the temperatures at which it occurs are above -10°C and, as a result, the water
droplets do not freeze immediately but run along the surface until they freeze, forming a
dense layer of ice that has a strong adhesion to the surface.

• Mixed ice: has the characteristics of both rime and clear ice. Its aspect is rough and
irregular and it forms when both small and large water droplets are present.

The difference between rime and glaze ice is shown in Figure 1.2.



1.2. Icephobic coatings 5

(a) Formation of rime ice [12]. (b) Formation of glaze ice [12].

Figure 1.2: Differences in the formation of rime ice (a) and glaze ice (b).

Ice accumulated from precipitation can cause more problems because it occurs at a higher
rate. It can take two forms:

• Freezing rain: creates a dense, highly adhesive layer of ice and it forms when rain falls
on supercooled surfaces and ice crystals nucleate.

• Wet snow: can be easily removed if it is not completely frozen, as snow can remain
partially liquid between 0°C and -3°C. However, once fully frozen, it strongly adheres to
the substrate.

The final way that ice can accumulate on a surface is through frost. This occurs when water
vapor in the environment turns to ice when it touches supercooled surfaces. This happens
when the wind speed is low. Frost can manifest itself in two different ways [25]:

• Desublimation frost: occurs when water vapor is converted directly into ice.
• Condensation frost: occurs when the water vapor first condenses into supercooled dew
droplets, which then freeze.

Initially, the mechanism of condensation frosting was thought to be similar to that of icing, with
supercooled droplets freezing by heterogeneous nucleation. The only perceived difference
was that water is deposited in icing, and nucleated in freezing. However, it was discovered
that heterogeneous nucleation is not the mechanism for condensation freezing. Instead, the
primary mechanism is interdroplet ice bridging, a process in which ice bridges grow between
frozen droplets and liquid droplets to form an interconnected ice network [26]. As a result,
strategies developed for the icing problem are not necessarily the same for the frost problem.
The process of condensation frosting can be divided into five distinct stages: (i) supercooled
condensation, (ii) onset of freezing, (iii) frost halos, (iv) interdroplet ice bridging and dry zones,
and (v) percolation clusters and frost densification. Figure 1.3 shows the mechanisms of
condensation frosting.
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Figure 1.3: Process of condensation frosting. The parameters used in the diagram are further discussed in the
review by Nath et al. [25].
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1.2.2. Surface wettability
As discussed above, surface wettability is controlled by the water contact angle, which
is directly related to the hydrophobicity (or hydrophilicity) of the surface itself. The term
hydrophobic comes from the ancient Greek terms “húdro”, meaning water, and “phóbos”,
meaning fear, literally “to be afraid of water”. The opposite term, hydrophilic, means “to love
water”, from the ancient Greek “phílos”, meaning love. The hydrophobic effect is a molecular
interaction mechanism that describes the tendency of nonpolar molecules to interact with
other nonpolar molecules and thus displace water molecules from the interacting molecular
surfaces. This effect explains the predisposition of nonpolar molecules to aggregate in water
and to minimise the contact area between water and the nonpolar molecules involved. In
thermodynamic terms, the hydrophobic effect is the positive change in the free energy of water.
A positive change in the free energy of the solid in contact with water indicates hydrophobicity,
while a negative change in free energy indicates hydrophilicity. This means that when a water
droplet comes into contact with a surface, the surface may be completely wet or partially wet. If
the surface is hydrophobic, its molecules will repel the water molecules and the water droplet
will try to reform due to the cohesion force, which tends to form a shape that minimises energy.
Conversely, if the surface is hydrophilic, the water droplet will spread on the surface due to
the adhesive forces between the droplet and the surface. Figure 1.4 shows the difference
between the concept of a hydrophilic and a hydrophobic surface.

Figure 1.4: Difference between a hydrophilic and a hydrophobic surface.

The balance between the adhesive and cohesive forces gives the degree of wetting
(wettability) of the surface, which is the physical property that characterises the ability of a liquid
droplet to maintain contact with a solid surface and results from the intermolecular interactions
between the solid and the liquid. The intermolecular forces between the solid surface and
the liquid depend on the chemical structure of the solid. These interactions can be hydrogen
bonding, van der Waals forces, electrostatic forces, dipole-dipole forces, or London dispersion
forces.

The wetting tendency of the surface is quantified by the contact angle, which is the angle at
which the liquid/vapour interface meets the solid substrate. Each system has a unique contact
angle and it can be determined by the interactions between the three different phases, i.e.
vapour, liquid and solid [27]. The first and most basic relationship describing wettability in
terms of contact angle was given by Thomas Young in 1805 when he published “An Essay
on the Cohesion of Fluid” in which he wrote that “for every combination of liquid and solid
there is a corresponding angle of contact” [28]. This relationship is called Young’s equation
(Equation 1.1), and it correlates the contact angle θ, the liquid surface free energy γlv, the
solid/liquid interfacial free energy γsl and the solid surface free energy γsv. Figure 1.5 shows
the contact angle of a liquid droplet on a solid surface.

γsv − γsl = γlvcosθ (1.1)
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Figure 1.5: Contact angle θ of a liquid droplet on a solid surface and the free energies of the liquid surface γlv,
the solid/liquid interface γsl and the solid surface γsv.

From Equation 1.1 the variables for hydrophobicity and hydrophilicity can be defined. If
the contact angle is less than 90°, the surface is considered to be hydrophilic, and the solid
surface free energy is high while the interfacial free energy is low. Therefore, when water
tries to maximise the minimum energy state, the water-solid contact will be high. On the other
hand, if the contact angle between 90° and 180°, the surface is considered hydrophobic and
the surface free energy of the solid is low, while the interfacial free energy is high. This means
that when water tries to maximise the minimum energy state, the solid-vapour contact will be
high. Theoretically, when the contact angle is 180°, the droplet assumes a spherical shape.

However, Young’s equation does not take into consideration the roughness of the surface.
Robert N. Wenzel further developed Young’s equation to account for roughness by introducing
a roughness factor r, which is equal to the real wetted surface area over the apparent area. His
assumption was that assuming a water droplet would penetrate the rough area of a surface.
Wenzel’s equation (Equation 1.2) uses θy, the contact angle calculated with Young’s equation,
to determine θw, the contact angle calculated taking into account the roughness of the surface.

cosθw = rcosθy (1.2)

Wenzel’s model correlates the wettability of a surface with its roughness. In fact, under
hydrophilic conditions, a surface will become more hydrophilic as its roughness increases,
meaning that θw will decrease, while under hydrophobic conditions, a surface will become
even more hydrophobic as its roughness increases, meaning that θw will also increase.

On the other hand the Wenzel’s equation cannot explain superhydrophobicity, which
is a phenomenon that happens when a surface exhibits almost zero wetting [29, 30].
Superhydrophobic surfaces derive from a specific surface roughness and a specific surface
free energy. They have a contact angle greater than 150° and a small contact angle of
hysteresis (∆θ), which can be defined as the difference between the advancing (θA) and
receding (θR) angles when a droplet moves in a tilted surface.

Superhydrophobic surfaces can be observed on some natural tissues, such as the surface
of lotus leaves, hence the name “lotus effect” (Figure 1.6). This effect is due to the presence
of two types of roughnesses, microroughness and nanoroughness (Figure 1.6b), and a waxy
material covering the surface, resulting in a high resistance to wetting and a contact angle
slightly above 150°.

Therefore, superhydrophobicity can be achieved by creating a suitable roughness on the
surface, which would reduce the contact area between water and the solid substrate. The fact
that roughness affects the contact angle was extended by Archibald B. D. Cassie and Sydney
Baxter in 1944, with Equation 1.3, which can explain superhydrophobicity by correlating the
real fractions (f1 and f2) of the two components involved (solid surface and air) and the contact
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(a)Water droplets on a lotus leaf [31].
(b) Schematic representation of microroughness and

nanoroughness [13].

Figure 1.6: The “Lotus effect”: (a) illustrates water droplets on a lotus leaf, and (b) shows a representation of
microroughness and nanoroughness.

angles of the two components (θ1 and θ2) with the effective contact angle (θc).

cosθc = f1cosθ1 − f2cosθ2 (1.3)

Since f2 represents the real fraction of air, it can be written as 1− f1 and θ2 can be set equal
to 180°. The equation can therefore be written as:

cosθc = f1(cosθ1 + 1)− 1 (1.4)

The latter equation explains why a rough surface with a large amount of air trapped between
the surface irregularities has a very small fraction of the surface area in contact with water and
can therefore be a superhydrophobic surface [32]. The difference between the Wenzel state
(of a weak hydrophobic surface, where the cavities of the rough surface are fully wetted by the
liquid and no air is trapped among them) and the Cassie-Baxter state (of a strong hydrophobic
surface capable of trapping air in its cavities so the liquid rests in top of the roughness) is
illustrated in Figure 1.7.

(a) (b)

Figure 1.7: Representation of the difference between the Wenzel state (a) and the Cassie-Baxter state (b).

In summary, the topology of a surface influences the contact angle, which in turn describes
the surface’s wettability, indicating whether the surface is hydrophilic or hydrophobic. The
Wenzel model explains that increasing surface roughness leads to greater hydrophobicity,
with an apparent contact angle of up to 150°. On the other hand, the Cassie-Baxter model
describes a particular surface structure that traps air below the surface, resulting in a low
liquid-solid contact area and water repellency.
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1.2.3. Icephobic coating technologies
Icephobic coatings aim to delay initial nucleation events, slow down ice growth, and/or lower
ice adhesion strength [33]. Over the past 15 to 20 years, numerous attempts have been made
to develop effective icephobic coatings, and the mechanisms by which these coatings work,
together with the challenges they face, will now be briefly discussed.

The development of superhydrophobic surfaces is one of the most widely used approaches
for realising icephobic coatings [23]. These surfaces can be created by combining micro- and
nanoscale surface structures with low surface energymaterials. This process typically involves
two main procedures, where the first creates the micro- and nano-structure through various
techniques such as deposition, etching, or lithography. Whereas, the second treats the surface
with low surface energy materials that enhance hydrophobicity. This can be realised using
techniques such as chemical modification or self-assembled monolayers (SAMs). However,
developing superhydrophobic coatings for anti-icing applications may not be the optimal
choice. There have been conflicting opinions about the effectiveness of superhydrophobic
surfaces in reducing ice adhesion. Some studies have reported a reduction in ice adhesion
on superhydrophobic surfaces compared to hydrophobic surfaces, which has been attributed
to the increase in air entrapped in the surface structure in the Cassie-Baxter state after the
water freezes on top of the surface [32, 34–37]. On the other hand, other studies report
that superhydrophobic surfaces increase the adhesion of ice to the surface. This can be
attributed to the fact that the smaller water droplets penetrate and freeze into the micro- and
nano-structures of the surface, leading to the so-called Wenzel state, where the “mechanical
interlock” between the ice and the superhydrophobic surface increases the adhesive force
between the two [38–40]. This shows that the phenomenon of mechanical interlocking nullifies
the icephobic effect of the surface, meaning that a higher water repellency does not imply better
icephobic properties.

The main difference between these experiments was in the ice accretion on the surfaces,
which strongly affects the ice adhesion properties of superhydrophobic surfaces. It has been
found that frost forms within the superhydrophobic surface texture, meaning that the wettability
state of the surface is not in the Cassie-Baxter state but in the Wenzel state [39, 40]. This
means that ice will make contact with all available surfaces of the superhydrophobic coating
texture, forming an ice layer. Therefore, ice adhesion of superhydrophobic surfaces will
increase due to the mechanical interlock between the ice and the surface. In other words,
depending on how ice forms on a surface, the surface itself changes its ice-resistance
properties. In addition, the micro- and nanostructure of superhydrophobic surfaces can easily
deteriorate during icing/deicing cycles, making these surfaces not durable enough for anti-icing
purposes as they are subject to greater wear [33].

One method of improving anti-icing properties is to introduce a lubricating liquid into a
porous surface, creating what are known as slippery liquid-infused porous surfaces (SLIPS),
which have been shown to have better anti-icing properties than superhydrophobic surfaces
[41]. These surfaces are inspired by a tropical pitcher plant called Nepenthes, which produces
a liquid repellent, slippery layer on its surface. SLIPS have a solid micro-textured surface filled
with a stable liquid matrix (as shown in Figure 1.8) and have been shown not to increase
adhesion under different icing conditions. However, the durability of liquid-infused slippery
surfacesmay be themost challenging issue. Themechanism by which they delay ice formation
is dependent on the availability of lubricant, which can be significantly reduced during flight due
to abrasion, aerodynamic stresses, and icing/deicing cycles, making these coatings unsuitable
for use on aircraft against icing.

One of the most effective techniques for icephobic coatings is to use low surface energy
materials, thus materials with a low permittivity (i.e. with a low dielectric constant, ε). As
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Figure 1.8: A porous surface (a) is infused with a lubricating liquid (b) to prepare a slippery liquid-infused porous
surfaces [41].

mentioned above, a low permittivity material can reduce electrostatic interactions, resulting
in a weaker bond between ice and the surface. Permittivity is also related to the surface
energy of a material: lower permittivity materials typically have a lower surface energy,
which reduces the attraction between the surface and the ice, making it harder for ice
to adhere to the surface. This makes them suitable candidates for anti-icing applications.
Compared to superhydrophobic coatings, they have a smoother surface and the effect of
mechanical interlocking becomes negligible. These materials include fluoropolymers (ε ≈
2.1), such as polytetrafluoroethylene (PTFE, commonly known as Teflon) and polysiloxanes.
Fluoropolymers have been shown to significantly reduce ice adhesion under certain conditions
and were considered good candidates as anti-icing materials [42]. However, they have raised
several concerns about their potential harm to human health and the environment [43]. Their
production and use is therefore restricted, except in essential cases. On the other hand,
polysiloxanes exhibit good anti-icing properties due to the mismatch in mechanical and
rheological properties between ice and silicone polymers. This originates from the low glass
transition temperature (Tg) of the polysiloxanes, which causes their surface to be “soft”. On a
soft surface, stresses are unevenly distributed and accumulate at the interface. When a force
is applied to remove the ice, the stress at the interface creates a favorable path for easier
ice release. However, their poor durability and mechanical properties make them unsuitable
for anti-icing applications. Further developments to create icephobic surfaces focus on the
combination of fluorinated and siloxane groups into synthetic materials.

Another icephobic material that was investigated is a stress-localized viscoelastic coating,
which uses elastic energy localization at the ice-coating interface to induce shear stresses
[44]. These stress-induced surfaces are developed by combining materials with hard and soft
segments, which work together to create cracks at the interface when an external force is
applied. As cracks form, localized stresses are generated, and the resulting shear stresses
propagate the cracks along the interface. This ultimately leads to the detachment of ice from
the coating.

In addition, recent research has shown that anti-freezing proteins (AFPs) could be used to
develop anti-icing coatings based on them, as they can adhere to ice crystals and prevent them
from expanding [23]. This effect is due to the interaction between ice and AFPs, which lowers
the freezing point of water and inhibits the growth of ice crystals [45]. However, the durability
of AFP-based coatings and their large-scale industrial applicability remain challenging and
require further investigation. Moreover, the incorporation of AFPs into surfaces has not been
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extensively studied and most of the knowledge of the working mechanisms of AFPs has been
derived from studies in solutions, primarily in the field of biomedical applications [46].

Another novel strategy is based on patterned coatings, which work by a different
mechanism and therefore do not have the same drawbacks as the previously described
technologies. These coatings can, to some extent, control and influence how and what type of
ice grows on the surface [47]. This reduces ice adhesion and prevents the formation of a thick
layer of ice. Boreyko et al. studied the behaviour of chemical micropatterns on condensation
frosting [48]. The mechanism is based on preventing ice bridging between droplets and the
following ice growth by controlling the space between nucleation sites. This slows down and
eventually stops ice bridging, thereby controlling the growth of condensation frost on a surface.
It was found that condensate formed mainly on the hydrophilic zones and that water droplets
were trapped by the hydrophilic zones before they could bridge, thus stopping the formation
of a frost film and subsequently a layer of ice.

To summarize, there has been some research into passive anti-icing coatings in recent
years, although none of these technologies have been developed for practical use. In order
to advance these technologies, it is essential to quantify their effectiveness, durability, and
applicability in areas where these anti-icing strategies are needed, such as aerospace or
telecommunications. It is necessary to measure the ice adhesion of different surfaces in order
to compare their anti-icing properties and to understand. For meaningful comparison and study,
consistent test parameters and environmental conditions must be used to ensure that results
are comparable and universal. The next chapter discusses the various ice adhesion testing
technologies.

1.3. Ice adhesion testing
The development of a valid test method is essential for the progression of new anti-icing
coatings, however testing the effectiveness of surfaces for ice adhesion is a major problem
due to the difficulty of reproducing and controlling environmental conditions. The anti-icing
efficacy of a surface can be evaluated by measuring the ice adhesion strength τice. The ice
adhesion strength is defined as the ratio between the peak removal force F and the interface
area between the ice and the substrate A (Equation 1.5) [49].

τice =
F

A
(1.5)

Using the ice adhesion strength τice to characterize an interface implies that the force
required to remove ice from the substrate scales with the area of the interface between them,
meaning that structures with a large area exposed to ice formation may require extremely
high forces to remove it. However it has been hypothesised that there is a critical length of the
interface, Lc, beyond which the force required to separate the ice from the substrate becomes
constant [50]. This was explained by the fact that the fracture mechanism can be either stress-
or toughness-dominated. The shear strength of the interface τin controls the delamination
when the length of the interface between the ice and the substrate is relatively small, meaning
that τice = τin. This implies that the fracture mechanism is stress-dominated and the fracture is
sudden and spontaneous along the whole interface. On the other hand, when the interface is
relatively large, the interfacial toughness (Γ), which quantifies the resistance to crack growth
along the interface, controls the ice delamination and the fracture mechanism is toughness
controlled. This indicates that there is a crack propagating along the interface and that the
detachment is not sudden. The critical length Lc is the length of the interface where the
transition between the two failure modes occurs and is given by Equation 1.6, where Eice
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is the modulus of ice and H is the ice pillar height [51].

Lc =

√
2EiceΓ

H

τ2in
(1.6)

One of the most promising approaches to the development of icephobic surfaces is to
reduce their ice adhesion strength. If a surface has a low adhesion strength to ice, the ice
formed can be shed by its own weight, by wind, or by natural vibration. In order to reduce ice
adhesion, it is essential to be able to test the adhesion between ice and a substrate. Various
tests have been developed to determine the ice adhesion strength to a given surface.

When considering ice adhesion testing for aircraft, a distinction can be made between
impact ice and non-impact ice. Impact ice has a non-zero initial velocity on contact with the
surface, making it the most realistic type for testing as it closely simulates the real conditions
under which ice forms on aircraft surfaces. In contrast, non-impact (or bulk) ice is easier to test
as it is static and therefore easier to control and evaluate. The tests considered in this thesis
all use non-impact ice.

The most common are the centrifugal test2, the horizontal shear test, the vertical shear
test, and the tensile test (Figure 1.9) [52].

Figure 1.9: Illustration of the four most common tests to measure ice adhesion strength.

The centrifugal test is the only indirect mechanical test. The others can be described as
direct mechanical tests, where the mechanical force is applied directly to the ice pillar (or to
the mould containing the ice pillar). In a centrifugal test, an ice sample is placed on a beam
and rotated with increasing acceleration, creating centripetal acceleration. By recording the
angular velocity at the moment the ice pillar detaches from the surface, the detachment force
can be determined. Shear tests, on the other hand, usually use a force probe to induce the ice

2Centrifugal test can be conducted for impact ice too, however the generation of the impact ice itself is much
more complicated and prone to inconsistencies compared to the generation of bulk ice.
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to detach from the substrate. The horizontal shear test (also known as the push test) is themost
commonly used. In tensile tests, ice detachment is induced by pulling the ice perpendicular to
the surface. More methods are found in literature but the two most two most common methods
are the centrifuge test and the horizontal shear test [53]. Of these, the horizontal shear test is
the simpler to set-up and allows more control over ice detachment from the substrate.

However, due to the large number of variables influencing the tests and the large number
of different tests that have been carried out, there is a lack of standardised testing systems
and test methods in literature, resulting in data that is not always comparable. In fact, the peak
force is usually recorded and the ice adhesion strength is calculated, but there is no analysis of
why these results are obtained, of what happens during the test, and of how certain variables
and environmental conditions may affect the final results. It has been shown that several
parameters are critical to an accurate assessment of ice adhesion and therefore need to be
considered, although they are often neglected. These parameters include relative humidity,
surface temperature, ice type, ice pillar size, cooling rate, freezing time, pushing height, and
pushing speed [53].

1.4. Scope of master thesis
Ice adhesion is one of themost important parameters to quantify and study icephobic materials.
Understanding the physics and mechanics of how ice adheres to surfaces and how this is
influenced by environmental conditions, external factors, or surface defects is essential for the
development of new techniques for anti-icing purposes. However, ice adhesion is a complex
phenomenon that is not yet fully understood. Measuring ice adhesion in the laboratory is
particularly challenging due to the sensitivity of ice to factors such as humidity and temperature
changes, as well as the lack of standardisation, making it difficult to compare existing results.

Current research has focused primarily on reducing ice adhesion through the development
of various materials and techniques, and on the impact that temperature variations and surface
wettability have on ice adhesion. However, the tests used to measure ice adhesion are often
conducted under different environmental conditions and with different types of ice, and the
parameters used are not always reported, resulting in non-comparable results.

Moreover, research has largely overlooked how ice adhesion is affected by external factors
or surface defects. Tests are usually conducted under ideal conditions, using clean and
flawless surfaces, however, in reality surfaces are exposed to a variety of conditions that can
cause surface damage and defects. These can be of various types:

• Mechanical defects: such as scratches on the surface and erosion.
• Chemical defects: such as exposure to UV radiation and solvents.
• Presence of dust or liquids (such as fuel or grease) on the surface.

Thus, despite ongoing research into new techniques to reduce ice adhesion, the influence
of interfacial defects has not been thoroughly investigated in the literature. Exploring this
aspect could provide valuable insights into the mechanisms by which ice adheres to surfaces
and significantly contribute to the development of more effective anti-icing technologies.
Moreover, a deeper understanding of ice-surface interactions can be achieved by analysing
how the presence of surface defects alters ice adhesion.

After the previous discussion, the scope of this master thesis can be defined. The research
questions that are wished to be answered during the thesis are the following:

Main question: How does the introduction of surface defects affect ice adhesion strength
and how can this be explained?

Subquestions:
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• How does the presence of different types of dust on the surface affect the ice adhesion
strength of different materials?

• Does exposure to UV radiation affect the adhesion of ice to polymers?
• Does the presence of grease or oil affect the ice adhesion strength?
• Can the physics of ice adhesion be better understood?

Understanding the physics of ice adhesion, investigating the factors that contribute to
influence ice adhesion, and understanding the influence of surface defects requires an
accurate experimental approach, which allows repeatable and reliable results. This is essential
for interpreting the results and drawing meaningful conclusions about the factors affecting ice
adhesion strength. The results of this work will clarify whether interfacial defects, specifically
impurities and UV radiation, affect ice adhesion strength, with the aim of improving the
understanding of ice-surface interactions.



2
Materials and Experimental

Methodology

This chapter describes the materials, sample preparation methods, characterisation
techniques, and test procedures, used to analyse the ice adhesion strength of the substrates
with different defects. The aim is to explain the steps taken to prepare, test, and analyse, the
substrates to ensure the reproducibility of the experiments and the reliability of the results.

The following chapter is divided into four main sections. The first section describes the
materials used. The second section focuses on the preparation of the samples, where specific
defects (dust and oil contamination and UV exposure) were introduced to study their effects
on the ice adhesion strength of the materials. The third section presents the results of
the characterisation techniques, specifically Fourier Transform Infrared spectroscopy (FTIR),
water contact angle (WCA), and surface roughness measurements. Finally, the fourth section
explains the experimental set-up and procedure used to determine the ice adhesion strength
of the substrates.

2.1. Materials and methods
The polyurethane (PU) substrates (product name: ALEXIT-ClearCoat 411-14 000U Colourless
high gloss) were provided by AIRBUS. The Teflon, polypropylene (PP), and polyviynl chloride
(PVC) substrates were purchased from S-Polytec GmbH. The aluminium alloy used for the
substrates is AA6082. The dimensions of the samples are 20mm x 20mm x 1mm. The glass
surfaces were purchased from Carl Roth.

The PVC particles (average Mw ≈ 43,000, average Mn ≈ 22,000), SiO2 particles (particle
size: 40-63µm), SiO2 particles (particle size: 100µm), hydrochloric acid (ACS reagent, 37%),
(3-aminopropyl)triethoxysilane (purity ≥ 98%), and silicone oil were purchased from Sigma-
Aldrich.

The solvents ethanol, methanol, and acetone, were purchased from Merck Sigma
(analytical grade) and used as received.

2.1.1. Polishing of AA6082 substrates
The AA6082 samples were grinded with 1000, 2000, and 4000 grit size, and then polished
with 3µm and 1µm diamond paste.

16
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2.1.2. Surface modification of SiO2particles
The method used is known as functionalization, a process that introduces new properties or
functions to a material by altering its surface chemistry. Specifically, the technique used to
increase the hydrophobicity of SiO2 particles is called silanization. This method involves the
modification of solid substrates through the deposition of organic monolayers composed of
silane molecules. Silanes are a group of silicon-based compounds characterised by a silicon
atom bonded to one or more organic groups and by reactive functional groups, such as alkoxy,
amino, or chloro groups. The silanization process forms covalent bonds between the silane
molecules and the SiO2 particles surface, creating a controlled architecture that modifies the
surface properties of the particles [54].

Before the process, the SiO2 particles have a silanol-terminated surface, meaning that
their surfaces contain silanol groups, which are functional groups with the connectivity Si-O-H.
At the end of the process, the SiO2 particles have an aminosilane-terminated surface. In this
modified state, the amino groups (NH2) are bonded to a siloxane (Si-O-Si), which increases the
hydrophobicity of the particles. A schematic of the silanization process is depicted in Figure 2.1.

Figure 2.1: Schematic representation of the silanization process.

The modification of the SiO2 particles is divided into two phases: the activation phase
and the sol-gel silanization phase. The activation phase is necessary as it prepares the
surface of the SiO2 particles by introducing reactive functional groups essential to form strong
bonds with the silane molecules. In the second phase the silane molecules, specifically (3-
aminopropyl)triethoxysilane (APTES), are introduced to modify the surface of the particles.
The silanemolecules undergo a hydrolysis and condensation process, leading to the formation
of stable bonds between the silane and the reactive groups introduced during the activation
phase. This chemical modification results in an alteration of the particles surface, converting
it to an aminosilane-terminated surface.
Activation phase: methodology

The activation phase requires methanol and hydrochloric acid (HCl) as well as the silica
gel (size of the particles used: 63µm). The procedure for this phase is as follows:

• Dilution of hydrochloric acid: Place the SiO2 particles in a container. Add 1:1 ratio of
methanol and HCl to the silica particles (to dilute the acid, first pour the methanol and
then the HCl).

• Magnetic stirring: Immerse a magnetic stirring bar in the container and place it on a
magnetic stirrer. The latter is a device that uses a rotating magnetic field to cause the
magnetic stirring bar to spin very rapidly, thus stirring the solution. The magnetic stirrer
is set at 700 rpm for 30 minutes at room temperature.



2.1. Materials and methods 18

• Separation of the SiO2 particles: To separate the silica particles from the solution of
methanol and hydrochloric acid, pour the content into a centrifuge tube and place it in
a centrifuge. The centrifuge is set at 3000 rpm for 5 minutes. Then, the excess liquid is
removed with a pipette.

• Cleaning of the particles: To obtain a clean powder, add deionized (DI) water to the
particles and put the tube back into the centrifuge at 3000 rpm for 5 minutes. Remove
the excess DI water and repeat this step until the DI water is clear after centrifugation.

At the end of this procedure, the particles will have no residue of the methanol and HCl
solution and will be activated and ready for the second phase.

Sol-gel silanization phase: methodology

The second phase requires acetone and (3-aminopropyl)triethoxysilane (APTES). APTES
is an organosilane molecule with three functional reactive ethoxy groups and one amine group
per one silane molecule (Figure 2.2) [54].

Figure 2.2: (3-aminopropyl)triethoxysilane (APTES) molecule.

The procedure for this phase is as follows:

• Formation of Si-O-Si bonds with the surface silanol groups: Place the SiO2 particles in a
container. Add 2% v/v of APTES in acetone to the silica particles. In acetone, the ethoxy
groups of APTES hydrolyzes and then form the Si-O-Si bonds with the surface silanol
groups.

• Magnetic stirring: Immerse a magnetic stirring bar in the container, place it on a magnetic
stirrer and set it at 700 rpm for one hour at room temperature.

• Separation of the SiO2 particles: To separate the silica particles, pour the content into a
centrifuge tube and place it in a centrifuge at 3000 rpm for 5 minutes, then remove the
excess liquid with a pipette.

• Cleaning of the particles: To obtain a clean powder, add acetone to the particles and put
the tube back into the centrifuge at 3000 rpm for 5 minutes. Remove the excess acetone
and repeat this step 2 more times to remove any unreacted APTES.
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2.2. Sample preparation
This section describes the preparation of the samples with the introduction of dust particles
and oil, as well as the method used to expose the samples to UV radiation.

2.2.1. Preparation of dust-contaminated surfaces
Dust is simulated using poly(vinyl chloride) (PVC) and silicon dioxide (SiO2) particles. PVC
particles were chosen because they are a common microplastic [55], while SiO2 particles
were selected because silicone dioxide is the main constituent of sand. Initially, SiO2 particles
with a size of 40-60µm were used. Later, 100µm SiO2 particles were used, following the
same procedure. The particles were observed using confocal microscopy, and can be seen in
Figure 2.3.

Figure 2.3: Confocal scanning microscope image of PVC (left) and SiO2 (right) particles.

The particles were applied to the substrates using a spin coating technique, a process
commonly used to create a uniform thin coating on flat surfaces. The spin coater employed for
this process is a Laurell WS-400B-6NPP/LITE model. The particles are mixed with a solvent
to create a solution that will be applied to the substrates. Ethanol is used for the PVC particles,
while acetone is used for the SiO2 particles. The substrates are secured in a spinning stage
by vacuum and the solution is injected onto the surface. The spinning stage rotates at a set
speed and time, and the solution is distributed over the substrate by centripetal forces. The
PVC particles in ethanol are spin-coated at 3500 rpm for 15 seconds, while the SiO2 particles
in acetone are spin-coated at 500 rpm for 1 minute. The resulting surfaces were subjected
to confocal scanning microscopy to determine the percentage of the surface area covered by
dust. Figure 2.4 and Figure 2.5 illustrate two examples of how the percentage of area covered
by the particles is determined by using ImageJ, a Java-based image processing program.
These images show polyurethane surfaces covered with PVC and SiO2 particles respectively.

2.2.2. Addition of oil droplets on the surfaces
The oil chosen for these experiments is silicone oil, a synthetic polymer consisting mainly
of repeating units of siloxane (Si-O-Si) with organic groups attached to the silicon atoms, and
with the chemical formula (C2H6OSi)n. Silicone oil can withstand a wide range of temperatures,
typically from -50°C to 100°C. It is known for its lubricating properties due to its low surface
tension and hydrophobic nature, which is attributed to the presence of non-polar alkyl groups
that are insoluble in water. In addition, its viscosity is relatively stable over a wide temperature
range, making it suitable for a variety of applications. For example, it serves as a protective
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(a) Image from the confocal scanning microscope. (b) Highlighting of PVC particles.

(c) Percentage of area covered by dust (shown under %Area).

Figure 2.4: Determination of the percentage of the surface area that is covered by PVC particles.

(a) Image from the confocal scanning microscope. (b) Highlighting of SiO2 particles

(c) Percentage of area covered by dust (shown under %Area).

Figure 2.5: Determination of the percentage of the surface area that is covered by SiO2 particles.
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sheath for electrical components and wires, shielding from dust or ice that could infiltrate the
inner workings of an aircraft.

A pipette is used to apply droplets of silicone oil to the surfaces. A few droplets are injected
into the centre of the samples, where the ice will adhere. Images taken with a Dino-Lite digital
microscope of the silicone oil droplets on the surfaces are shown in Figure 2.6. It is important
to note that the way the droplets spread on the surface varies from substrate to substrate,
even though the same technique was used.

(a) (b)

(c) (d)

(e)

Figure 2.6: Silicone oil droplets on (a) unpolished AA6082, (b) polished AA6082, (c) Teflon, (d) polypropylene,
and (e) polyurethane.
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2.2.3. UV radiation exposure method
The OmniCure S1500 UV curing system was used to investigate the effect of UV radiation
on polypropylene samples. The PP samples were first cleaned and dried to ensure that there
were no contaminants on the surface. The UV lamp was set up in a designated area with
appropriate safety measures and the PP samples were placed at a fixed distance from the
lamp to ensure consistent and uniform UV exposure over the entire surface.

Each polypropylene sample was exposed to UV radiation for a total of 10 hours, divided
into smaller intervals to monitor how the chemical and physical properties changed as the
exposure time increased.

2.3. Characterisation techniques
This section describes the characterisation techniques used to analyse the samples and
presents the results of the Fourier Transform Infrared spectroscopy (FTIR), the water contact
angle (WCA) and surface roughness measurements.

2.3.1. Fourier Transform Infrared spectroscopy
Fourier Transform Infrared spectroscopy (FTIR) is a non-destructive technique used to
determine the chemical composition of materials through an infrared spectrum of absorption
or emission. In this technique, infrared (IR) radiation is passed through the sample being
analysed and, depending on the nature of its bonds and molecular composition, specific IR
wavelengths are absorbed by the sample. A Spectrum 100 FTIR spectrometer (Perkin Elmer)
is used to measure the chemical composition of the PP and PU samples before and after UV
radiation exposure. The spectrum produced ranges from 4000 to 600 cm−1 and an average of
32 scans is taken.

The difference in the infrared spectrum of the polypropylene samples before and after
exposure is shown in Figure 2.7. The blue curve represents the spectrum before exposure,
the red curve represents the spectrum after 5 hours of UV radiation exposure, and the
green curve represents the spectrum after 10 hours of UV radiation exposure. UV radiation
exposure causes the formation of new functional groups, which are hydroxyl groups (appearing
between 3100 cm−1 and 3500 cm−1) and carbonyl groups (appearing between 1500 cm−1 and
1800 cm−1) [56]. The other noticeable peaks in the spectrum are summarized in Table 2.1 [57,
58].

Table 2.1: FTIR transmission bands and their corresponding assignments for PP after 10 hours of UV radiation.

Wavenumber [cm−1] Assignment
3100-3500 O-H
2952, 2918, and 2838 C-H stretching
2720 CH bending and CH3 stretching
1530-1840 Carbonyl group
1456 and 1376 CH3 asymmetric deformation
1376 CH3 symmetric deformation
1165 Tertiary carbon bending
974, 841, and 808 C-H deformation out-of-plane

Figure 2.8 shows the difference in the infrared spectrum of the polyurethane samples
before and after 10 hours of UV radiation exposure.

In this spectrum, the transmission band in the range of 2858−2929 cm−1 is attributed to
the stretching vibration of C–H [59]. The characteristic transmission peak at 3336 cm−1 and
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Figure 2.7: FTIR spectra of PP before (blue curve), after 5 hours (red curve), and after 10 hours (green curve) of
UV radiation exposure.

Figure 2.8: FTIR spectra of PU before (red curve) and after 10 hours (blue curve) of UV radiation exposure.
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1540 cm−1 is related to the stretching vibration transmission of N–H in the urethane group, and
the peak at 1714 cm−1 is due to the C–O bond.

2.3.2. Water contact angle measurements
Water contact angle (WCA) measurements determine the contact angle formed between a
droplet of water and a surface, as defined in Figure 1.5. The WCA provides information about
the wettability and the surface energy.

Table 2.2:Water contact angles of materials.

Material Water Contact Angle
[°]

AA-6082 unpolished 84
AA-6082 polished 98
Teflon 111
Polypropylene 101
Polyurethane 87
Polyvinyl chloride 96
SiO2 28
Surface modified SiO2 47
PP after 5h of UV 86
PP after 10h of UV 108
PU after 10h of UV 74

Three droplets (10µl each) of deionized (DI) water were placed on the surface of interest.
The contact angles were determined for each droplet and the WCA of the surface was
calculated as the average of these measurements. To measure the WCA, the KSV CAM 200
Optical Contact Angle Meter was used. The results for each material1 are shown in Table 2.2.
The complete results, along with images of the water droplet on the surfaces, are shown in
Appendix A.

2.3.3. Surface roughness measurements
Surface roughness was measured to assess the texture of each material. Surface roughness
quantifies the variations in surface topography and affects properties such as adhesion and
wettability. Roughness measurements were made with confocal microscopy, which is a basic
non-destructive imaging technique, and with 10x magnification. For this thesis, a Keyence VK-
X1000 confocal scanning microscope was used. The arithmetical mean height (Sa) and the
maximum height (Sz) values were calculated form these measurements and are summarized
in Table 2.3, while the overall results can be found in Appendix B. The first parameter (Sa)
represents the difference in height of each point relative to the arithmetical mean of the surface.
It is the surface equivalent of the arithmetical mean height along a line (Ra). The maximum
height (Sz) is the sum of the deepest pit and the highest peak within a defined area. Since Sz
emphasizes the effect of the deepest pits and highest peaks, this parameter is more directly
related to themechanical interlocking that occurs between the ice and the surface. The concept
of these two parameters is shown in Figure 2.9.

1The WCA of the particles was measured using surfaces made of the corresponding materials.
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Figure 2.9: Arithmetical mean height (Sa) and maximum height (Sz) of a surface [60].

Table 2.3: Sa and Sz of materials.

Material Sa Sz
[µm] [µm]

AA-6082 unpolished 2.61 24.23
AA-6082 polished 0.42 7.71
Teflon 1.27 24.49
Polypropylene 4.45 49.51
Polyurethane 0.25 6.09
PP after 5h of UV 4.50 43.24
PP after 10h of UV 3.70 42.26
PU after 10h of UV 0.21 6.18

2.4. Experimental procedure to determine ice adhesion strength
As described in section 1.3, ice adhesion strength can be assessed using various methods.
The set-up used in the experiments is a home-built horizontal shear test set-up, inspired by the
setup developed by Robert Biro [61]. The aim of this set-up is to be accurate and versatile, to
be able to quantify and compare the ice adhesion strength of different materials. This means
that the tests should be controllable and reproducible. To ensure consistency and reliability, the
differences between tests should beminimal, i.e. the parameters and environmental conditions
between two tests should be as similar and controllable as possible.

The experimental set-up has five main components:

• Housing chamber: its function is to help control temperature and humidity. The chamber
is made of stainless steel and is isolated from the outside environment. It contains 5
sample holders arranged horizontally so that when an ice column breaks, it will not hit the
other moulds and affect the other results. The housing chamber allows for the placement
of the alignment block, which holds the moulds into which the water is injected to form
the ice pillars. A representation of the housing chamber components with the alignment
block can be seen in Figure 2.10.

• Cooling and humidity system: the purpose of the cooling system is to control the
surface temperature of the specimens and to allow the water in the moulds to freeze
to form the ice columns. This is achieved by means of a circulation chiller (LAUDA-ECO
RE1050, shown in Figure 2.11), which is connected to the housing chamber by two
silicone-insulated pipes through which the cooling fluid flows. A schematic diagram of
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Figure 2.10: Housing chamber components and alignment block.

Figure 2.11: Circulation chiller LAUDA-ECO RE1050.
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the housing chamber pipework is shown in Figure 2.12. The chiller has a temperature
range of -50°C to 200°C, but the cooling fluid used is monoethylene glycol, which allows a
minimum temperature of -32°C due to viscosity limitations. The humidity during the tests
should be kept as low as possible, as the surfaces must be dry to prevent condensation
frosting on the ice pillars. To realize this, a weak flow of nitrogen is connected to the
housing chamber and the relative humidity can be kept below 10% during the tests.

Figure 2.12: Illustration of the cooling fluid path through the housing chamber.

• Actuator and load cell: a linear actuator with a DC motor (LTA-HL integrated with
CONEX-CC controller) is used to apply a force to the ice pillars. Its minimum speed
is 0.01mm/s, which allows testing in the quasi-static range, and a load capacity of
120N. A pushing probe is used to push the moulds directly. The probe is made of
polyoxymethylene (POM), which has high stiffness, good thermal stability and low sliding
friction. It has a 2mm flat-head tip in a half moon shape and an M6 female thread for
mechanical connection to the load cell by a simple blot connection. As the load cell frame
deforms, four strain gauges in a full bridge configuration record the deformation and the
signal is amplified by an amplifier and read on an oscilloscope. The load cell is calibrated
so that 1V = 1 ÷ 0.002 kg.

• Data acquisition (DAQ) system: the DAQ system includes a signal amplifier and an
oscilloscope to read the signal. The signal corresponds to a calibrated force value, which
is read into a computer.

• Moulds for the ice pillars: they allow for the injection of the water, which it is assumed
freezes instantly. The material used is Teflon for its hydrophobicity and the shape is
cylindrical, with an inner diameter of 8mm and an outer diameter of 13mm. Their height
is of 3 cm, to allow for a pushing height h of 1mm, an ice pillar height H of 8mm and an
ice pillar diameter D of 8mm (Figure 2.13).

An overall view of the set-up is shown in Figure 2.14. The operating procedure is described
in subsection 2.4.1.
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Figure 2.13: Representation of ice pillar and Teflon mould.

Figure 2.14: Set-up overview.
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2.4.1. Testing method
To start the tests, the substrates to be tested was placed in the sample holders. Once the
samples were in place, the chiller was started. The temperature set point was set between
-18°C and -22°C. In order to achieve a relative humidity of less than 10%, the nitrogen flow
was switched on.

When the desired temperature and relative humidity were reached (which were measured
by placing temperature sensors on the surfaces of the samples, and by placing a humidity
sensor in the chamber), the Teflon moulds were attached to the alignment block and placed
in the housing chamber on top of the samples. The alignment pins were removed with pliers,
the housing chamber was closed and left to return to the desired temperature and relative
humidity. 400µl of water was injected into the moulds to form the ice pillars. The waiting time
for the ice pillars to form was about 30/35 minutes. As each test took about 5/10 minutes, it
was necessary to wait 10 minutes before pouring the water into the next mould. The alignment
block holding the moulds was removed and the actuator was manually positioned at the edge
of the sample holder. The screws on the side of the actuator were tightened and the housing
chamber was closed. When the actuator was positioned, the mould with the ice pillars was
usually 4/5mm away, so at a speed of 1mm/s the actuator position could be set to 3.5mm to
speed up the test. The actual test began. The load cell speed was set to 0.01mm/s and the end

Figure 2.15: Graph resulting from the test. The electromotive force (in volts) is displayed on the y-axis and the
time (in seconds) on the x-axis.

position to 7mm and then the Picoscope measurement was started. As soon as the actuator
starts to apply pressure to the mould, a visual response appeared on the Picoscope due to the
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changing voltage, and data was collected until the ice pillar detached from the substrate. The
graph showed the electromotive force (in volts) on the y-axis and the time (in seconds) on the
x-axis. An example of the graph resulting from an adhesive failure of a 6082 aluminium alloy
sample is shown in Figure 2.15. For a complete analysis, the ice pillar was also removed from
the Teflon mould and observed before it melted.

To find the ice adhesion strength, which is defined as the ratio of the peak removal force
to the interface area between the ice and the substrate, the highest value on the graph was
multiplied by g (9.8067m/s2) to obtain the peak removal force. The resulting value (which is in
Newtons) was then divided by the area, which is 0.0503 cm2 (50.2655mm2). The resulting ice
adhesion strength is in kPa. Any significant observations about the test run, fracture surface,
ice type, etc. were noted. The actuator was returned to its zero position and moved to the next
slot to start the next test.



3
Results and discussion

This chapter presents the results of the ice adhesion tests for different defect conditions on the
samples. The results are divided into four main sections for clarity and detailed examination.

Section 3.1 discusses the ice adhesion strength of the bare samples, which are the
unmodified samples without any addition of interfacial defects, providing a baseline for
comparison with the following tests. Section 3.2 examines the impact of dust on the ice
adhesion strength, offering insights into how particular parameters influence the adhesion
between the ice and the substrates. In section 3.3, the effects on ice adhesion of adding
lubricant oil to the samples are analysed. Finally, section 3.4 compares the ice adhesion
strength of the bare samples with that of the samples after 10 hours of UV radiation exposure,
assessing the potential effects of environmental factors on ice adhesion.

Together, these results contribute to a deeper understanding of the factors affecting ice
adhesion strength across different surfaces. A discussion on these results is provided in
section 3.5.

3.1. Ice adhesion strength of bare surfaces
The samples are tested as described in subsection 2.4.1 and tests are repeated multiple times
per material to ensure accurate results, with the environmental conditions for each test being
kept as similar as possible. The ice adhesion strength was calculated and the results plotted
in the graphs shown in Figure 3.1. The ice adhesion strength values shown are the peak
stresses reached before failure of the ice-substrate interface.

The differences in ice adhesion strength between the materials tested are quite significant.
Teflon has a very low ice adhesion strength (with an average of 81.5 kPa), which can be
attributed to its known high hydrophobicity, making it one of the most icephobic materials.
Polyurethane (PU) shows the highest ice adhesion strength among the polymer substrates
with an average of 824.2 kPa, which could be attributed to its relatively low water contact angle,
compared to the other polymers. Polypropylene (PP) has an average ice adhesion strength
of 171 kPa, which is slightly higher than Teflon, probably due to its lower water contact angle,
but significantly lower than PU. This makes polypropylene a promising candidate for anti-icing
applications.

The aluminium alloy samples show a high ice adhesion strength, with the polished
aluminium alloy samples demonstrating a lower ice adhesion strength (with an average of
381.3 kPa) compared to their unpolished counterparts (which have an average of 745.7 kPa).
This difference is attributed to the difference in surface roughness, as the unpolished AA6082

31
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(a) Ice adhesion strength of AA6082 unpolished. (b) Ice adhesion strength of AA6082 polished.

(c) Ice adhesion strength of Teflon. (d) Ice adhesion strength of PP.

(e) Ice adhesion strength of PU. (f) Mean values of ice adhesion strength for all the materials.

Figure 3.1: Ice adhesion strength of the (a) unpolished AA6082, (b) polished AA6082, (c) Teflon, (d)
polypropylene, and (e) polyurethane substrates. The mean ice adhesion strength values are shown in (f) for a

comparison between the materials.
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substrates have higher roughness, resulting in mechanical interlocking between the ice and
the rough surface.

3.2. Effect of dust contamination on ice adhesion strength
This section analyses the ice adhesion strength of the surfaces with the addition of
dust particles. The dust-contaminated surfaces are tested according to the test procedure
discussed in section 2.4, and tests are repeated multiple times for each material, with the
differences between the tests being as small as possible in order to obtain comparable data
and to have better control of the variables involved. The ice adhesion strength is measured
with the addition of PVC and SiO2 particles. For a comparison with the ice adhesion strength
of the bare samples, the data from the dust-contaminated surfaces are plotted together with
the data from the bare surfaces.

3.2.1. Aluminium surfaces
The data for the unpolished and polished samples of AA6082 is shown in Figure 3.2 and
Figure 3.3, respectively.

Figure 3.2: Comparison between ice adhesion strength of bare surfaces and dust-contaminated surfaces for
unpolished AA6082.

These graphs indicate that the mean ice adhesion strength for the bare substrates is
the lowest when compared to the dust-contaminated surfaces. This trend suggests that the
presence of dust particles increases the ice adhesion strength.

This behaviour can be explained by the contact splitting hypothesis (CSH). According
to this hypothesis, splitting a large contact area between two materials into multiple smaller
contact points enhances the adhesion by increasing energy dissipation during the detachment
process [62]. A well-known biological example of this phenomenon is seen in the fibrillar
structures (called setae) on gecko feet, which allow for increased adhesion. This principle
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Figure 3.3: Comparison between ice adhesion strength of bare surfaces and dust-contaminated surfaces for
polished AA6082.

has been used in designing advanced adhesive materials [63]. The mechanism behind this
increased adhesion is related to the repeated interruption and re-initiation of the detachment
process at each contact point, which require additional force. This process increases the
separation force, which scales with the number of contact points, thereby increasing the overall
adhesive strength.

The increase in ice adhesion strength observed in the previous graphs can be attributed
to a similar detachment mechanism. Initially, a crack forms at the ice-substrate interface and
propagates until it encounters a dust particle, at which point the detachment occurs between
the particle and the substrate, and subsequently, crack propagation between the ice and the
substrate re-starts, until it reaches another particle. This preferential detachment between the
particle and the substrate, as opposed to the detachment between the particle and the ice,
occurs due to the hierarchy of adhesion forces at play: the adhesion between the particles
and the substrate is lower than that between the substrate and the ice, while the strongest
adhesion is between the ice and the particles. The reason is that dust particles have a highly
rough surface, which increases ice adhesion due to the increased mechanical interlocking
at the interface. Consequently, the detachment process favors the separation between the
particle and the substrate, as it requires less energy than separating the ice from the particles.
A schematic representation of the adhesion forces is provided in Figure 3.4.

To confirm this relationship between the adhesion forces, during the experiments it was
observed that the dust particles (both PVC and SiO2) remained attached to the ice pillar after
detachment. This behaviour was captured after the detachment by the Keyence VR 5000
digital microscope in Figure 3.5, which shows SiO2 particles on the ice pillar. Additionally,
tactile verification confirmed the presence of particles on the ice surface, further supporting
this observation. This confirms that the adhesion between the ice and the particles is stronger
than the adhesion between the particles and the substrate. Consequently, when detachment
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Figure 3.4: Schematic representation of the three adhesion strengths involved when dust particles are
introduced: τip represents the adhesion strength between ice and dust particles, τis represents the adhesion
strength between ice and substrate, and τps the adhesion strength between dust particles and substrate.

Figure 3.5: SiO2 particles attached to the ice pillar after detachment. Picture taken with Keyence VR 5000 digital
microscope.
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occurs between the particles and the substrate, a new crack between must initiate at the
interface between the ice and the substrate.

This phenomenon of enhanced toughness through mechanisms that resist crack
propagation is also observed in other contexts, such as the toughening of epoxy resins and the
mechanics of matrix cracking in fiber-reinforced composites. In epoxy resins, the introduction
of nanoparticles improves the fracture toughness and the fatigue crack propagation resistance
[64]. The presence of nanoparticles results in various fracture mechanisms, such as crack
pinning, plastic deformation, and crack deflection, which lower the rate of crack propagation
compared to neat epoxy [65]. Similarly, in fiber-reinforced composites, the fibers help to slow
down or stop a crack from propagating, increasing the material toughness [66].

In the context of ice adhesion, the introduction of particles at the interface inhibits
crack propagation by requiring multiple crack openings in the ice/substrate interface, thereby
increasing the force required for detachment. If there is a crack propagation along the interface,
the fracture mechanism is no longer stress-dominated (as in the bare samples) but toughness-
dominated and is influenced by the toughness of the interface, i.e. the resistance to crack
growth. Interfacial toughness can be assumed to be equal to the work of adhesion, which is
the energy required to create free surfaces from two bonded surfaces, and is given by the
following formula:

WA = γ1 + γ2 − γi (3.1)

where γ1 and γ2 are the surface free energies of the two adhering materials and γi is
the free energy of the interface. In reality, however, every fracture involves some form of
energy dissipation, whether through plastic deformation at the crack tip or by frictional forces.
Therefore, interfacial toughness is defined as the practical work of adhesion, expressed as:

Γ = WA,P = WA + U1 + U2 + Ufriction (3.2)

where U1 and U2 are the energy losses due to plastic deformation of the ice and the substrate,
and Ufriction is the energy dissipated by friction.

The energy loss due to friction depends on the normal force, which in turn depends on the
mass of the ice pillar. The normal force can be calculated as follows:

N = mg = ρV g = 917 kg/m3 · 4.021 · 10−7m3 · 9.80665m/s2 = 3.61596 · 10−3N (3.3)

The resulting value is so small that, when multiplied by the coefficient of kinetic friction and the
distance over which the force is applied, the resulting energy loss due to friction is considerably
smaller than the other terms in Equation 3.2 for the interfacial toughness. Consequently, the
contribution of frictional energy dissipation to the total interfacial toughness is negligible and
is not considered in further analysis.

This means that what differentiates the ice adhesion strength between bare surfaces
and dust-contaminated ones relies on the difference in energy dissipation through plastic
deformation at the crack tip. The maximum stress required for crack opening occurs at the
crack tip, and repeated crack openings increase the difficulty of crack propagation, resulting
in higher interfacial toughness and, consequently, a higher adhesion between the ice and the
substrate.

To gain deeper insights into the graphs presented in Figure 3.2 and Figure 3.3, the data
distribution and variability can be observed. This is particularly valuable for interpreting the
data points from the dust-contaminated samples with the lowest ice adhesion strength.

One of the factors considered to explain this is how the ice adhesion strength varies with the
percentage of area covered by dust particles. For the unpolished samples, the area covered
by PVC particles ranges from 5% to 20%, while for SiO2 particles, it ranges from 20% to 40%.
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For the polished samples, the percentage of area covered by PVC particles ranges from 15%
to 25%, whereas for SiO2 particles, it ranges from 10% to 30%. However, it was observed that,
as the percentage of the surface covered by both PVC and SiO2 particles increased, there
was no linear correlation with the ice adhesion strength. This can be attributed to the fact that
the particles present on the surface can hinder the detachment of the ice from the surface, but
this depends on how they are distributed on the surface itself.

If the particles are more concentrated in the region far from the pushing edge of the ice-
substrate interface (as shown in Figure 3.6), the initial detachment area will contain fewer
particles that could hinder the detachment process. As a result, the fracture mechanism
remains toughness-dominated, governed primarily by the interfacial toughness, however, due
to the reduced particle presence in the critical detachment zone, the particles will have a
reduced impact on increasing the interfacial toughness.

Figure 3.6: Distribution of particles concentrated in the area far from the pushing edge of the ice-substrate
interface. The black arrow indicates the pushing force.

On the other hand, if the particles are mostly distributed near the pushing edge of the
interface (as illustrated in Figure 3.7), or evenly distributed across the surface area (as shown
in Figure 3.5), the initial detachment area will contain a significant number of particles. Their
presence can effectively hinder the detachment process by introducing additional resistance
to crack propagation, as the detachment is repeatedly interrupted by these particles. This
increases the energy dissipation during the fracture process, thereby increasing the overall
interfacial toughness and resulting in higher ice adhesion strength, as explained above.

Figure 3.7: Distribution of particles concentrated near the pushing edge area of the ice-substrate interface. The
black arrow indicates the pushing force.

The variability in particle distribution between the samples can therefore be a key factor
in explaining the differences in ice adhesion strength observed in the graphs for the dust-
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contaminated samples.
Another observation from the graphs in Figure 3.2 and Figure 3.3, is that the increase in

ice adhesion strength observed in the polished aluminium samples with the addition of dust
particles is higher compared to the unpolished aluminium samples, indicating that surface
smoothness may enhance the impact of particles on ice adhesion. It was already observed on
the bare aluminium samples that the surface roughness plays a significant role in influencing
ice adhesion. In fact, under hydrophilic conditions (as in this case, see the water contact
angle data in section 2.1), as previously discussed in section 1.2, the hydrophilicity of a
surface tends to increase with its roughness. When dust particles are added to the unpolished
aluminium samples, the overall surface texture does not significantly change. On the other
hand, the addition of dust particles on the polished aluminium substrates increases their
surface roughness, resulting in a considerably higher ice adhesion strength compared to the
pre-contaminated samples.

In summary, dust particles increase ice adhesion strength, particularly on polished
aluminium surfaces where surface roughness increases. The distribution of particles plays
a critical role in altering the fracture mechanism at the ice-substrate interface, which becomes
toughness-dominated when crack propagation is hindered by the repeated crack openings
caused by the presence of the dust particles. This results in higher interfacial toughness and
higher ice adhesion strength. To further validate this hypothesis, an additional experiment was
conducted, using SiO2 particles with a size of 100µm, in contrast to the initial size range of
40-60µm.
Investigation of ice adhesion strength with larger SiO2 particles (100µm)

To confirm the previously discussed hypothesis explaining the behaviour of ice adhesion
strength on aluminium samples, larger SiO2 particles were used. The size used was 100µm,
whereas the particles used previously had a size of 40-60µm. The larger particles were applied
to the aluminium samples using the same preparation method as previously described. The
tests were also replicated under similar conditions to maintain consistency. By comparing
the ice adhesion strength results of aluminium surfaces with 100µm SiO2 particles to those
obtained with the smaller particles, the aim is to assess whether similar trends are observed.
If the results show consistency between the two particle sizes, this would provide evidence to
support the validity of the hypothesis, demonstrating that, since the particles-substrate contact
does not change considerably with increasing particle size, the presence of the particles acts
as an obstacles to crack propagation, causing the crack to stop intermittently and increasing
the interfacial toughness and the ice adhesion strength.

The percentage of area covered by SiO2 particles with a size of 100µm ranges from 25%
to 45% for the unpolished samples and from 15% to 35% from the polished samples. The area
coverage for the smaller size of SiO2 particles was slightly lower, indicating that the particles-
substrate contact points should remain approximately the same as before, thus it is expected
for the ice adhesion strength to have a similar behaviour to the one observed before.

The values for the ice adhesion strength are presented in Figure 3.8 and Figure 3.9. From
these figures, it can be observed that the ice adhesion strength of the aluminium surfaces with
the addition of the SiO2 particles with a size of 100µm does not show any significant variation
compared to the ice adhesion strength determined with the SiO2 particles with a size of 40-
60µm. The mean values remain very similar, indicating that the change in particle size does
not significantly affect the overall ice adhesion strength under the conditions tested.

This demonstrates the previously stated hypothesis, as the results obtained with the
100µm SiO2 particles are consistent with those observed with the 40-60µm particles. This
similarity in results indicates that during the detachment, crack propagation occurs along the
interface between the ice and the substrate. As the crack encounters a SiO2 particle (or any
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Figure 3.8: Comparison between ice adhesion strength of bare surfaces and dust-contaminated surfaces for
unpolished AA6082.

Figure 3.9: Comparison between ice adhesion strength of bare surfaces and dust-contaminated surfaces for
polished AA6082.
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other dust particle), it is temporarily stopped, forcing the crack to restart at a new location. This
repeated interruption of the crack propagation increases the interfacial toughness, thereby
increasing the overall ice adhesion strength. The presence of dust particles acts as a barrier
to crack propagation, increasing the resistance to the ice detachment.

3.2.2. Polymer surfaces
The values of the ice adhesion strength for the bare and the dust-contaminated surfaces
of Teflon, polypropylene, and polyurethane are shown in Figure 3.10, Figure 3.11, and
Figure 3.12, respectively. For the Teflon samples the percentages of dust area coverage
ranged from 5% to 15% and from 15% to 40% for the PVC particles and the SiO2 particles
respectively. For the PP samples it ranged from 5% to 25% for the PVC particles and from
10% to 30% for the SiO2 particles. The percentage of area covered by the particles for the PU
samples ranged from 10% to 40% for the PVC particles and from 25% to 60% for the SiO2
particles.

Figure 3.10: Comparison between ice adhesion strength of bare surfaces and dust-contaminated surfaces for
Teflon.

Based on the previous analysis, it would be expected that the ice adhesion strength of
dust-contaminated samples would be higher than that of bare samples due to the interfacial
toughening effect introduced by the particles. This expected behaviour can be observed in the
PU substrates, where there is a slight increase in the mean values of ice adhesion strength
of the dust-contaminated samples, although the overall effect remains moderate. In contrast,
the Teflon samples exhibit a noticeable increase in ice adhesion strength specifically with the
addition of PVC particles, while the introduction of SiO2 particles does not have any significant
effect. Meanwhile, for the PP samples, a slight increase in ice adhesion strength is observed
with the SiO2 particles, but no significant change is detected with the addition of PVC particles.

This response was initially associated with the surface roughness of the samples. The PP
samples exhibit a high surface roughness (Appendix B), which may lead to minimal changes
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Figure 3.11: Comparison between ice adhesion strength of bare surfaces and dust-contaminated surfaces for
polypropylene.

Figure 3.12: Comparison between ice adhesion strength of bare surfaces and dust-contaminated surfaces for
polyurethane.
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in surface texture after the PVC particles addition. This behaviour was also observed in the
unpolished aluminium samples, suggesting a similar effect of surface roughness in reducing
the impact of dust contamination on ice adhesion strength. On the other hand, the PU and
Teflon samples demonstrate a low surface roughness, which may account for the observed
increase in ice adhesion strength increases when PVC particles were introduced. However,
this does not fully explain the results observed with the SiO2 particles. In comparison to the
bare samples, the ice adhesion strength remains unchanged for Teflon, while a slight increase
is observed for both PP and PU samples.

An alternative explanation was attributed to the hydrophobicity of the materials involved,
suggesting that some interactions between the particles, the polymer samples, and the ice
may have occurred. The hydrophobicity of both the particles and the substrates was examined.
The water contact angle (WCA) values are presented in Table 2.2. The PVC particles exhibit
a WCA that is similar to that of the polypropylene substrates (96° compared to 101°). This
similarity may account for the lack of significant difference in ice adhesion strength between
the bare polypropylene substrates and those contaminated with PVC dust. On the other hand,
the more pronounced differences inWCA between the PVC particles and the Teflon substrates
(96° versus 111°) and between the PVC particles and the polyurethane substrates (96° versus
87°) are possibly contributing to the observed increase in ice adhesion strength when the PVC
particles are introduced. These differences in surface energies suggest a different interaction
between the particles and the substrate, ultimately leading to higher ice adhesion strength.

However, the increase in ice adhesion observed with the introduction of the SiO2 particles
on the PU and PP substrates, together with the lack of significant differences observed with
the SiO2 particles on the Teflon substrates compared to the ice adhesion of the bare samples,
cannot be fully explained.

These results suggest that additional factors may play a critical role. To gain a deeper
insight into this behaviour, the SiO2 particles were surface modified to achieve a higher WCA,
and the ice adhesion strength was measured and compared with previous results.

Investigation of ice adhesion strength with surface modified SiO2 particles

The ice adhesion strength of the dust-contaminated surfaces with the modified SiO2
particles is depicted in Figure 3.13, Figure 3.14, and Figure 3.15 for the Teflon, polypropylene,
and polyurethane substrates, respectively. The percentage of area covered by the surface-
modified SiO2 particles ranges from 12% to 27% for Teflon, from 12% to 25% for PP, and from
20% to 50% for PU.

The mean ice adhesion strength values show a slight increase for all the substrates,
however no definitive conclusion about the influence of the WCA of the particles can be drawn
from this observation.

The results of the tests suggest that the relatively weak effect of the particles on the
ice adhesion strength observed for the polymer substrates, as compared to the aluminium
samples, may be due to the particles not remaining attached to the substrates during the
freezing process of the injected water. It is likely that, between the injection of the water and
its subsequent freezing (which is typically considered to be instantaneous) a certain number
of particles detach from the substrates and float in the water. An illustration of this scenario is
provided in Figure 3.16.

This detachment results in a significant reduction in the number of particles present at
the ice-substrate interface, thereby minimising their overall influence on ice adhesion strength.
Many of the particles may instead become embedded in the ice rather than contributing to an
increase in interfacial toughening and roughness.

The slight increase in ice adhesion strength observed with the introduction of silica (SiO2)
particles with higher WCA can be attributed to improved particle adhesion to the substrate
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Figure 3.13: Comparison of ice adhesion strength between bare surfaces and dust-contaminated surfaces with
unmodified and modified SiO2 for Teflon.

Figure 3.14: Comparison of ice adhesion strength between bare surfaces and dust-contaminated surfaces with
unmodified and modified SiO2 for polypropylene.
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Figure 3.15: Comparison of ice adhesion strength between bare surfaces and dust-contaminated surfaces with
unmodified and modified SiO2 for polyurethane.

Figure 3.16: Illustration of particle detachment during the freezing process, showing how particles separate from
the polymer substrate and float in the water prior to complete freezing.
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surfaces, which is likely due to the increased hydrophobicity of the particles. This enhanced
particle-substrate interaction may allow more particles to remain attached to the surfaces
during freezing, thereby increasing interfacial toughening through repeated crack openings,
similar to what was observed with the aluminium samples.

These findings indicate that the ice adhesion strength is dependent on the number of
particles present at the interface (so on the number of particle-substrate contact points), which
in turn is governed by the nature of their interaction with the substrates, in particular their
ability to adhere to the surface. This interaction is governed by the particle attachment during
the freezing process, which is influenced by the surface energies of both the particles and
the substrates. Therefore, the difference in surface energy between the dust particles and the
substrates plays a critical role in determining the extent to which the particles affect the ice
adhesion strength.

Investigation of ice adhesion strength with different test procedure

In order to validate the hypothesis that the reduced adhesion between the particles and the
substrates leads to their detachment during water injection, and consequently, to a reduced
effect on ice adhesion strength, the test method was modified. The revised test method was
designed to ensure that the particles remained attached to the substrates, preventing them
from floating in the water prior to freezing. By maintaining the presence of particles at the ice-
substrate interface, these tests aim to confirm that ice adhesion strength is indeed higher when
particles are present, as they inhibit crack propagation. This is important in demonstrating the
significant role that particle-substrate adhesion plays in increasing interfacial toughening and
ice adhesion strength.

The modified tests were conducted exclusively on the PP samples with the introduction of
SiO2 particles (unmodified), and the results are assumed to be representative for the PU and
Teflon substrates as well.

The modified test method eliminated the water injection step and instead placed an ice
pillar directly on the sample. After the same waiting time as in the original method, to allow
the ice to adhere to the substrate, the ice pillar was pushed with the probe using the same
procedure as described in section 2.4. The purpose of this modification was to ensure that
the particles remained on the substrate, thus providing a more accurate assessment of the ice
adhesion strength. The ice adhesion strength was then calculated based on the force required
to detach the ice pillar.

The comparison of ice adhesion strength between the bare PP substrates and those with
the introduction of silica particles is presented in Figure 3.17. This comparison includes data
from both the original and modified test methods, demonstrating the impact of the new method
in assessing the role of dust particles in influencing ice adhesion strength. With the modified
approach, the particles are forced to remain at the interface, allowing them to exert their
influence on the crack propagation, similar to what was observed with the aluminium samples.
The values shown in green in Figure 3.17 represent the additional tests that were carried out
on the bare PP samples using the new test method to assess if it would give similar results to
the original method. The results indicate that, on average, the ice adhesion strength is slightly
higher with the new method. However, the ice adhesion strength with the introduction of SiO2
particles remains significantly higher compared to the bare substrates, even when both are
tested using the new method.

These results highlight another important factor influencing ice adhesion strength: the way
in which ice forms on surfaces. As shown, this factor significantly impacts the effect of dust
particles on ice adhesion, as when the ice pillar was placed directly on the samples, the
particles remained at the interface, increasing the difficulty of ice detachment. In addition, the
ice formation process also plays a crucial role in the ice adhesion strength of bare surfaces,
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Figure 3.17: Comparison of ice adhesion strength between bare surfaces and dust-contaminated surfaces with
SiO2 for polypropylene with the original and modified test procedures. The green data points represent the ice

adhesion strength values obtained with the modified test for the bare PP samples.

which was found to be slightly higher when the ice was placed directly on the samples rather
than when water froze on the surfaces.

This finding suggests that variations in the ice formation process affect the ice adhesion
strength, an aspect that needs to be carefully considered in the development of anti-icing
technologies and experimental methodologies.

3.3. Effect of silicone oil droplets on ice adhesion strength
This section presents the results of the experiments conducted to evaluate the ice adhesion
strength of samples with oil droplets added on the surfaces. The goal is to understand how the
presence of oil droplets affects the ice adhesion strength of the previously studied samples.
Silicone oil was chosen due to its common role as a lubricant, is highly hydrophobic, and has
good wetting properties. Due to its low surface tension, silicone oil can spread on surfaces,
covering them with a water repellent film.

The samples were tested according to the procedure described in section 2.4. For each
material, repeated tests were conducted and the ice adhesion strength was calculated. The
values are plotted and, for comparison, the data are shown alongside the data from the bare
surfaces.

First, the adhesion between ice and the aluminium surfaces is discussed. Following this,
the results for the polymer surfaces are presented, together with a discussion of the observed
ice adhesion behaviour.
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3.3.1. Aluminium surfaces
Figure 3.18 and Figure 3.19 show how the ice adhesion strength varies with the introduction
of silicone oil droplets on the aluminium surfaces.

Figure 3.18: Comparison between ice adhesion strength of bare surfaces and surfaces with silicone oil droplets
for unpolished AA6082.

The results for the ice adhesion strength of both the polished and unpolished aluminium
samples clearly demonstrate a reduction in ice adhesion when silicone oil droplets are present
on the surface. The introduction of these droplets creates liquid-solid interfaces between the
oil and the ice, which are the primary factor contributing to the reduced ice adhesion strength.
By acting as hydrophobic liquid barriers on the substrate, the silicone oil droplets also minimise
the contact area between the ice and the surface, which also contributes to the reduction in
ice adhesion strength.

This outcome aligns with expectations, given the hydrophobic nature of silicone oil, and
that it remains liquid at low temperatures, creating liquid-solid interfaces that prevent ice to
adhere to the substrate. By decreasing the effective contact area required for strong adhesion,
the silicone oil droplets substantially reduce the force needed to detach the ice, resulting in a
reduction in ice adhesion strength.

However, while the results generally show a decrease in ice adhesion strength with the
addition of silicone oil droplets, there are some values that are inconsistent with the overall
trend and require further evaluation. Although the overall trend indicates that the presence
of silicone oil droplets reduces the ice adhesion strength, these unexpected results show
adhesion strengths similar to those of the bare samples. These anomalies may be attributed to
two factors: the uneven distribution of silicone oil droplets on the surfaces, and the variability
in the experimental conditions and the possibility of error during testing. The distribution of
the silicone oil droplets on the surface may not have been uniform, resulting in areas where
the droplets did not sufficiently cover the surface and therefore did not effectively reduce the
contact area between the ice and the substrate.
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Figure 3.19: Comparison between ice adhesion strength of bare surfaces and surfaces with silicone oil droplets
for polished AA6082.

This behaviour is consistent with the observations made for the ice adhesion strength on
dust-contaminated aluminium surfaces. In particular, when the concentration of dust particles
was located far from the pushing edge of the ice-substrate interface, the detachment region
behaved similarly to that of the bare surfaces. As a result, the fracture mechanism in these
cases was stress-dominated, leading to a sudden detachment of the ice similar to that
observed in the bare surfaces. This suggests that if the dust particles or silicone oil droplets are
not concentrated near the critical interface region, their effect on adhesion strength is reduced.

The fact that this behaviour occurred more frequently on the dust-contaminated surfaces
than on those with oil droplets can be attributed to differences in the way the dust particles
and oil droplets were applied. The distribution of the dust particles on the surfaces was less
controlled due to the spin coating technique, resulting in a more uneven distribution across
the surface. This increases the possibility of dust particles being concentrated away from the
pushing edge of the ice-substrate interface. On the other hand, the application of silicone oil
droplets were applied manually, which allows for greater precision and consistency, resulting
in a more uniform distribution across the surface.

This, together with the natural variability of the environment and potential errors, provides
plausible explanations for the unexpected results observed in these tests.

3.3.2. Polymer surfaces
The ice adhesion strength of the Teflon surfaces was found to be extremely low. In fact, the
force required to detach the ice block was so minimal that it was comparable to zero. As a
result, the force was below the detection threshold of the experimental set-up used, making it
impossible to obtain accurate measurements of the ice adhesion strength for these substrates.
These results are attributed to the hydrophobic nature of the added silicone oil droplets. Their
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presence reduces the contact area to which the ice adheres, thereby significantly reducing the
ice adhesion strength.

Given the hydrophobicity of the silicone oil droplets and their ability to significantly reduce
the effective contact area required for strong ice attachment, it is reasonable to expect that
similar reductions in ice adhesion strength would be observed across the other polymer
surfaces.

Figure 3.20 and Figure 3.21 show the ice adhesion strength of bare surfaces and surfaces
with the addition of silicone oil droplets for PP and PU, respectively.

Figure 3.20: Comparison between ice adhesion strength of bare surfaces and surfaces with silicone oil droplets
for PP.

Both graphs indicate a decrease in the mean ice adhesion strength following the addition
of silicone oil droplets. However, this reduction is more pronounced for the PU samples, with
a significant decrease of approximately 200 kPa, while the reduction in the PP samples is
relatively minimal. The limited reduction for PP suggests that the silicone oil has little effect in
lowering the ice adhesion strength on this material.

A possible explanation for this observation could come from the interaction mechanisms
between the silicone oil and the PP samples, which appear to differ from those observed with
other materials. Unlike other surfaces, where droplets are clearly visible, the PP surface shows
less distinct droplet formation. This is evident in Figure 2.6, which shows that while the PP
surface is wet, clear droplet formation is absent. This suggests that the spreading dynamics of
silicone oil on PP differ from those on aluminium, Teflon, and PU samples, potentially reducing
the efficacy of silicone oil in minimising ice adhesion strength.

A second factor that may contribute to the observed results is the uneven distribution of
silicone oil across the surface, a phenomenon also observed in the aluminium samples. If the
oil droplets fail to sufficiently cover the entire surface - particularly in critical areas near the
pushing edge - direct contact between the ice and the substrate may persist, preventing the
expected reduction in adhesion strength.
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Figure 3.21: Comparison between ice adhesion strength of bare surfaces and surfaces with silicone oil droplets
for PU.

This highlights the importance of ensuring a more uniform distribution of oil droplets in
future experiments, to obtain more consistent results. Additionally, changing the hydrophobic
oil could guarantee the formation of the droplets on the polypropylene substrates.

3.4. Effect of UV radiation exposure on ice adhesion strength
This section examines the impact of exposure to ultraviolet (UV) radiation on the ice adhesion
strength of polypropylene and polyurethane. The samples were exposed to UV radiation to
simulate environmental ageing, and the changes in their physical and chemical properties
were analysed using Fourier-Transform Infrared spectroscopy (FTIR), confocal scanning
microscopy (to determine the surface roughness), and WCA measurements.

The discussion focuses on how the UV induced changes in the chemical and physical
properties affect the ice adhesion strength of PP after 5 and 10 hours and of PU after 10
hours. Comparisons are made with non-exposed samples to illustrate the extent of the effect
of UV radiation, which is of interest for applications where UV exposure is expected. Before
discussing the results, the following paragraph provides a brief overview of the implications of
UV radiation on the properties of polymers.

Influence of UV radiation on polymers

Exposure to UV radiation can rapidly accelerate degradation processes in polymers. The
main damage mechanism is oxidative photodegradation (called also photooxidation), which
is a process initiated by light when oxygen is present in the environment [67]. This process
is defined as the degradation of photodegradable molecules caused by the absorption
of UV photons by chromophores (molecules that absorb light at a certain wavelengths).
Photodegradation causes chain scission and the generation of free radicals and new chemical
bonds, leading to a loss of molecular weight, surface discoloration, and loss of mechanical
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strength.
UV exposure can also cause the introduction of new functional groups, such as carbonyl

(C=O) and hydroxyl (OH) groups, which can alter the surface energy and affect the wettability.
Additionally, Lu et al. [68] reported that UV exposure reduces the surface roughness of
polymers, leading to smoother surfaces that further influence wettability.

3.4.1. Ice adhesion strength of polypropylene after 5 and 10 hours of UV radiation
exposure

After 5 and 10 hours of UV radiation exposure, the ice adhesion strength of polypropylene was
measured. The data is shown in Figure 3.22.

Figure 3.22: Comparison between ice adhesion strength of non-exposed PP surfaces and PP surfaces after 5
and 10 hours of UV radiation exposure.

The graph demonstrates a reduction in ice adhesion strength after 10 hours of UV
exposure, whereas no considerable change is observed after 5 hours of exposure. The mean
values of ice adhesion strength for the bare and the exposed samples are presented in
Table 3.1, along with the WCA and surface roughness values (only the maximum height is
shown, as it is more directly related to the mechanical interlocking between the ice and the
surface than the arithmetical mean height).

This result was unexpected and a more detailed surface analysis was required.
TheWCAmeasurements showed an initial decrease in WCA after 5 hours of UV exposure,

followed by an increase after 10 hours. Surface roughness decreased after 5 hours of UV
exposure and the value remained constant after an additional 5 hours, suggesting that UV
exposure leads to a reduction in surface roughness. The observed decrease in WCA and
surface roughness after 5 hours of UV exposure explains the small change in ice adhesion
strength. The reduction inWCA counteracts the effect of the decrease in surface roughness, so
that the ice adhesion strength remains comparable to that of the bare samples. However, after
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Table 3.1: Mean ice adhesion strength, WCA, and maximum height (Sz) values for polypropylene after 5 and 10
hours of UV exposure.

Hours of exposure Mean ice adhesion WCA Sz
[h] strength [kPa] [°] [µm]
0 171.0 101 49.51
5 164.3 87 43.24
10 85.2 108 42.26

10 hours of exposure, the increase in WCA explains the decrease in ice adhesion strength.
This decrease is attributed to the combined effect of the reduced surface roughness (relative
to the original substrates) and the increase in WCA, which together reduce ice adhesion.

The decrease in surface roughness was expected, as UV radiation is known to reduce
surface roughness. However, the initial decrease followed by a subsequent increase in
WCA was unexpected and suggest the need for further investigation. This behaviour is
in accordance with a phenomenon known as hydrophobic recovery (or the ageing effect),
exhibited by some polymers, where they revert to a more hydrophobic state over time after
initial UV exposure. This results from a disequilibrium in the surface properties caused by
surface treatments [69], resulting from the generation of hydrophilic groups, such as hydroxyl
(OH) and carbonyl (C=O) groups, and their re-orientation away from the surface. This effect,
known as “overturn” of polar groups, is caused by thermodynamic relaxation.

This phenomenon was investigated by Wan et al. [70], who performed water contact
angle measurements on several plastics before and after ageing. Their findings indicated
an initial decrease followed by a subsequent increase in the WCA of PP, which was
attributed to the rearrangement of surface molecular chains during the ageing process. In
contrast, polycarbonate (PC) showed very little hydrophobic recovery, probably due to its
intrinsic thermal stability, while polystyrene (PS) exhibited almost complete hydrophobic
recovery, similar to PP. Hydrophobic recovery can be further enhanced by changes in surface
topography, such as reduced surface roughness, which was also observed in the UV-exposed
PP samples in this thesis.

3.4.2. Ice adhesion strength of polyurethane after 10 hours of UV radiation
exposure

The ice adhesion strength of polypropylene was measured after 10 hours of UV radiation
exposure and the values are shown in Figure 3.23.

The graph shows that the ice adhesion strength remain similar after 10 hours of UV
exposure. To understand the cause of this, the WCA and the surface roughness were
measured. Table 3.2 presents the mean values of ice adhesion strength, the WCA, and the
maximum height (Sz) for both the unexposed and exposed samples.

Table 3.2: Mean ice adhesion strength, WCA, and maximum height (Sz) values for polyurethane after 10 hours
of UV exposure.

Hours of exposure Mean ice adhesion WCA Sz
[h] strength [kPa] [°] [µm]
0 824.2 87 6.09
10 872.7 74 6.18

Despite no evident change in surface roughness, the WCA decreased, indicating that
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Figure 3.23: Comparison between ice adhesion strength of non-exposed PU surfaces and PU surfaces after 10
hours of UV radiation exposure.

the surfaces became more hydrophilic. Unlike the polypropylene samples, no hydrophobic
recovery was observed, which is consistent with the literature, as this phenomenon has not
been observed for polyurethane. With the surface roughness remaining unchanged and the
WCA decreasing, an increase in ice adhesion strength would be expected due to the more
hydrophilic nature of the substrates. However, the observed increase in ice adhesion strength
was minimal, only about 5.9%. This suggests that surface roughness plays a more significant
role in influencing ice adhesion strength, as its constancy is likely to have mitigated the effect
of the increased hydrophilicity.

3.5. Discussion
This sections examines the interpretation and the analysis of the results presented previously.
The goal is to explore the implications of the experimental results regarding ice adhesion
strength across different materials and under various defect conditions. Here, the results are
examined to understand how each defect affects ice adhesion strength.

The first defect identified as influencing ice adhesion strength is the presence of dust
particles at the ice-substrate interface, which affect the interfacial toughness and increase the
difficulty of ice detachment. In more detail, if the adhesion strength between the dust particles
and the substrate is low enough to facilitate easy detachment, and the adhesion strength
between the dust particles and the ice is high enough to keep the particles attached to the
ice, the ice-substrate interface can be considered to be split into multiple contact points. As a
result, crack propagation at the interface is intermittently arrested by the dust particles, which
act as barriers to the advancing crack, leading to repeated interruptions. Each time the crack is
arrested, it must overcome additional resistance to re-initiate, as the maximum stress required
for crack opening occurs at the crack tip. This process of crack initiation and arrest increases
the interfacial toughness and consequently the overall ice adhesion strength, making it much
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more difficult for the ice to detach from the substrate.
To gain a deeper understanding of the phenomenon, the detachment curves were analysed.

These curves results from the experimental tests, as illustrated in Figure 2.15, and they
provide an insight of the detachment process. From the data of these curves the time difference
between the start of the recording of the electromotive force and the moment when the ice
pillar detaches from the substrate was measured. It represents the displacement of the ice
pillar, which begins when the probe starts to exert pressure on it. This displacement can be
determined by knowing the speed of the probe, which is constant at 0.01mm/s. When the
fracture mechanism is stress-dominated, resulting in a sudden fracture, the displacement (and
corresponding time difference) is expected to be lower compared to a toughness-dominated
fracture.

The analysis of these parameters focused on the aluminium samples, as they provided
the most reliable and clear results. Table 3.3 presents the mean values of the time differences
and displacements.

Table 3.3: Mean time difference and displacement for unpolished and polished AA6082 samples.

AA6083 Type of test Time difference Displacement
[s] [mm]

Unpolished

Bare surfaces 21.5 0.215
Surfaces with PVC 31.5 0.315
Surfaces with SiO2 (40-60) 32.2 0.322
Surfaces with SiO2 (100) 33.1 0.331

Polished

Bare surfaces 16.8 0.168
Surfaces with PVC 31.6 0.316
Surfaces with SiO2 (40-60) 28.9 0.289
Surfaces with SiO2 (100) 29.2 0.292

The analysis showed that the displacement measured for the bare samples was lower
than that for the dust-contaminated samples. This trend was observed in both unpolished and
polished aluminium samples. The increased displacement in the dust-contaminated samples
indicates an increase in interfacial toughness. This toughness, represented by the area
under the force-displacement curve, suggests that the fracture mechanism in these cases is
toughness-dominated, with crack propagation occurring at the interface. Figure 3.24 highlights
the displacement and the crack propagation at the interface during the detachment of the ice
pillar.

In particular, for the polished aluminium substrates, the displacement measured for the
bare samples was approximately half that of the dust-contaminated samples. This trend was
not observed for the unpolished aluminium substrates, where the displacement for the bare
samples was approximately two thirds of the displacement for the dust-contaminated samples.
This can be attributed to the smoother surface of the polished aluminium samples, where dust
particles increase the mechanical interlocking and the resistance to detachment. In contrast,
the unpolished aluminium samples, with their inherently rougher surface, already exhibits
strong ice adhesion strength. As a result, the relative effect of dust contamination is less
pronounced, as was explained before. This difference highlights the importance of surface
roughness in governing the impact of interfacial defects on ice adhesion strength.

Figure 3.25 visually illustrates these trends, showing that surface roughness significantly
influences the extent to which the ice adhesion strength increases in the presence of dust
particles at the interface, compared to the bare substrates.



3.5. Discussion 55

Figure 3.24: Schematic of a toughness-dominated fracture between an ice pillar and a substrate.

Figure 3.25: Effect of dust particles contamination on ice adhesion strength of AA6082 (polished and
unpolished).
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It is important to note that the mean ice adhesion strength of the bare unpolished aluminium
samples is comparable to that of dust-contaminated polished aluminium samples, even though
it is still slightly lower. Despite the significant increase in ice adhesion strength observed with
the introduction of dust particles on polished aluminium, these surfaces demonstrate a better
performance compared to the unpolished aluminium surfaces, regardless of the presence of
dust particles on the former and the cleanliness of the latter. This suggests that a polished
aluminium surface is preferable to an unpolished one when minimising ice adhesion is the
desired outcome.

Another factor that can be analysed is the distribution of ice adhesion strength values
following the introduction of dust particles on the substrates. As previously discussed, the
variability in ice adhesion strength is influenced by the distribution of the particles at the
ice-substrate interface. The detachment curves can provide valuable insight into how this
particle distribution impacts the variation in ice adhesion strength values. Specifically, lower
adhesion strength is recorded when fewer particles are present near the pushing edge,
whereas higher adhesion strength is observed when more particles are concentrated in this
area. This correlation is illustrated by the detachment curves in Figure 3.26 and Figure 3.27,
which compare samples with different particle distributions.

Figure 3.26: Detachment curve for an aluminium substrate with particles primarily distributed away from the
pushing edge of the interface.

In Figure 3.26, an aluminium sample with fewer particles near the pushing edge exhibits
a lower adhesion strength, whereas in Figure 3.27, a sample with a greater concentration
of particles near the pushing edge shows a higher adhesion strength. From these curves,
the displacement can be visualised through the time difference between the initiation of the
applied force and the point at which detachment occurs. The graph displaying the lower ice
adhesion strength (from the sample with fewer particles near the pushing edge) also shows a
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Figure 3.27: Detachment curve for an aluminium substrate with particles mainly distributed near the pushing
edge of the interface.
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shorter time difference, indicating that the displacement prior to the detachment is smaller. This
suggests that the interfacial toughness is higher and that it is more difficult for the ice pillar to
detach from the substrate when the particles are concentrated near the pushing edge, resulting
in a higher ice adhesion strength. These results highlight the role of particle distribution in the
ice adhesion strength and show that ice detachment can depend on multiple factors.

The graphs also indicate that the PVC particles increase the ice adhesion strength by
a smaller extent compared to the SiO2 particles. This difference can be attributed to the
difference in particle size. When calculating the percentage of surface area covered by the
particles, it is not the area of the effective contact points that is determined, but rather the
projection of the particles onto the substrate. As a result, the number of PVC particle-substrate
contact points is lower than that of SiO2 particles, for the same percentage of surface area
coverage. This reduced number of contact points of the PVC particles compared to the SiO2
particles may be the reason for the lower contribution of the PVC particles on the ice adhesion
strength.

For the polymer substrates, the interaction between the dust particles used and the
samples, together with the way the ice formed, played an important role in determining how
the ice adhesion strength changed. It was observed that for certain samples, the introduction
of dust particles resulted in little to no significant change in ice adhesion strength. This was
later shown to be due to a detachment of the particles from the substrates when the water was
injected prior to the start of the test, significantly reducing the number of particles at the ice-
substrate interface and minimising their influence on the ice adhesion strength. When the test
procedure was adjusted to ensure that the particles remained at the ice-substrate interface,
an increase in ice adhesion strength was observed, as happened with the aluminium samples.
This means that the way in which ice forms on surfaces, as well as the adhesion between the
substrate and the introduced dust particles, significantly influences how surface defects affect
the ice adhesion strength of ice.

Consequently, understanding the influence of ice formation on surfaces is crucial to fully
analyse the mechanisms of ice adhesion and to develop effective mitigation strategies based
on the conditions under which ice forms.

The second type of defect analysed is the presence of hydrophobic liquid droplets
(specifically silicone oil droplets). These droplets created localised liquid-solid interfaces within
the ice adhesion area and, as a result, ice did not adhere to these regions, reducing the
effective contact area between the ice and the substrate and decreasing the ice adhesion
strength. The effect of the silicone oil can be seen in Figure 3.28, where the reduction in
percentage compared to bare surfaces is shown.

The third factor investigated was the impact of UV radiation on the ice adhesion strength
of polypropylene and polyurethane samples. UV exposure altered the surface roughness and
surface energy, leading to changes in ice adhesion strength. This is illustrated in Figure 3.29,
which displays the percentage change relative to the original samples.

It was observed that the effect of UV exposure varies according to the type of polymer.
Polypropylene undergoes a phenomenon known as hydrophobic recovery, where the water
contact angle initially decreases and then increases due to the re-orientation of the hydrophilic
groups away from the surface. This process, coupled with a reduction in surface roughness,
results in a significant reduction in ice adhesion strength of approximately 50.2%. The
simultaneous reduction in both surface roughness and surface energy in the PP samples is
likely to account for the observed reduction in ice adhesion strength. In contrast, polyurethane
does not show any hydrophobic recovery, as indicated by a decrease in WCA. Despite this,
the ice adhesion strength remains relatively stable, probably due to the unchanged surface
roughness, which helps to maintain consistent ice adhesion strength.
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Figure 3.28: Effect of silicone oil on ice adhesion strength of AA6082 (polished and unpolished), PP, and PU.

Figure 3.29: Effect of UV radiation on ice adhesion strength of PP and PU.
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It is important to consider that ice adhesion strength is also highly sensitive to various
external factors, including environmental conditions (e.g. temperature and humidity), the
chosen testing method, and specific experimental parameters, such as the pushing height
and the dimensions of the ice pillar. These variables can significantly influence the outcomes
of ice adhesion measurements and should be carefully controlled in experimental tests.



4
Conclusion and recommendations

Due to the significant risks that ice accumulation poses to various industries, particularly
in aerospace, there has been a growing interest in understanding the mechanisms of
ice adhesion to surfaces and in developing anti-icing strategies by selecting materials
with inherently low ice adhesion strength. The focus of this thesis was to gain a deeper
understanding of themechanisms behind ice adhesion on different materials and to explore the
factors that influence this adhesion. By investigating how surface properties, such as surface
roughness and hydrophobicity, and the presence of defects, such as dust particles, oil droplets
and exposure to UV radiation, affect ice adhesion, this thesis aims to support the development
of more effective anti-icing technologies and materials.

In this thesis, the impact of interfacial defects on the ice adhesion strength of different
materials, specifically Teflon, polypropylene (PP), polyurethane (PU), and 6082 aluminium
alloy, has been analysed and discussed. The results obtained showed that the interfacial
defects analysed, i.e. dust particles, oil droplets, and UV radiation, influence the ice adhesion
strength. This thesis contributes valuable knowledge to the field of ice adhesion research,
particularly in understanding the effects of interfacial defects. The results provide a basis
for future studies and practical applications aimed at reducing the risks associated with ice
formation on critical infrastructure.

This chapter provides a summary of the key findings of this study, followed by a discussion
of their implications. In addition, it will present potential areas for future research, providing
ideas on how to extend the current research and explore new possibilities.

4.1. Summary of findings and discussion
The results from the bare samples indicated that Teflon and polypropylene exhibited the lowest
ice adhesion strength compared to the polyurethane and aluminium alloy samples. This finding
highlights the significant role of hydrophobicity, and therefore surface energy, in reducing the
ice adhesion of these materials. Surface roughness also plays a critical role, as demonstrated
by the difference in adhesion strength between polished and unpolished aluminium alloy
samples. The results clearly show that the ice adhesion strength decreases significantly for
the polished aluminium samples, which is attributed to their reduced surface roughness.

When dust particles were introduced, both PVC and SiO2 particles were found to increase
the ice adhesion strength on the aluminium samples. This increase can be explained by the
contact splitting hypothesis, which states that splitting a large contact area into many smaller
contact points increases the adhesion between the two materials in contact. This is due to
the repeated process of crack arrest and re-initiation, which increases the difficulty of crack
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propagation. As previously discussed, each time the crack encounters a particle, it is arrested
because the adhesion between the ice and the particle is stronger than that between the
particle and the substrate. This behaviour was confirmed by examining the ice pillar after
detachment from the aluminium samples, where t was noticed that the particles remained
adhered to the ice. A similar pattern was observed in polypropylene samples after modifying
the test method. When the crack is stopped by a foreign particle, the detachment occurs
between the particle and the substrate rather than between the ice and the particle, forcing
the crack to restart between the ice and the substrate. This process increases the interfacial
toughness, leading to an increase in ice adhesion strength.

Another observation from the experimental results was that the distribution of dust particles
on the surface had a significant effect on the ice adhesion strength. Specifically, when particles
were evenly distributed across the surface or concentrated near the pushing edge, the ice
adhesion strength was higher compared to samples where particles were predominantly
located on the opposite side. This can be attributed to the fact that a higher concentration
of particles near the detachment initiation area promotes crack arrest and re-initiation, which
increases interfacial toughness and consequently ice adhesion strength. On the other hand,
with fewer particles concentrated near the pushing edge, there are fewer obstacles to impede
crack propagation in the initial stages, resulting in lower ice adhesion strength. In addition,
particles located further away from the pushing edge have a reduced effect as most of the
interface has already detached by this point, so the final phase of detachment occurs rapidly,
with minimal effect from the remaining particles. This reduces their overall contribution to the
increase in interfacial toughness and ice adhesion strength.

This effect was also observed in polymer samples (except for the Teflon samples with the
PVC particles). In these cases, the interaction between the substrates and the dust particles
resulted in partial or complete detachment of the particles before the freezing of the water,
reducing the number of particles at the ice interface during the test. Consequently, the number
and location of the particles are critical factors in determining their effect on ice adhesion.
Another important observation is that the influence of dust particles also depends on how the
ice forms on the surface. Specifically, when the ice pillar was placed directly on the sample, the
dust particles remained in place throughout the test. However, when the water froze directly
on the surface, the number of particles at the interface was significantly reduced.

Hydrophobic liquid oil droplets were then added to the samples. Silicone oil was chosen
since it is stable over a wide range of temperatures and it is commonly used as a lubricant
or as a protective sheath on aircraft. As expected, the presence of the oil droplets resulted
in a reduction in the ice adhesion strength. This reduction in the force required to detach the
ice pillar can be attributed to the formation of thin hydrophobic liquid layers on the surface,
which create liquid-solid interfaces between the oil and the ice. These interfaces reduce the
contact area between the ice and the substrate, thereby reducing the total adhesion area and
consequently the ice adhesion strength of the surfaces tested.

This thesis also examined the effect of UV radiation exposure on ice adhesion to
polypropylene (PP) and polyurethane (PU). The exposure to UV radiation induced changes in
both surface roughness and surface energy, which affected ice adhesion.

Specifically, for PP, a decrease in ice adhesion strength was observed after 10 hours of
UV exposure. This reduction was attributed to changes in surface roughness, and chemical
composition. The changes in chemical composition resulted in an increase in WCA, which
in turn increased hydrophobicity and decreased ice adhesion strength. This behaviour is
attributed to the phenomenon known as hydrophobic recovery, where certain polymers, such
as PP, exhibit a transient decrease in hydrophobicity followed by a recovery phase. This
process is driven by oxidative photodegradation caused by UV exposure. To further investigate
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this phenomenon, PP samples were analysed after 5 hours of UV exposure. At this point,
a decrease in WCA and surface roughness were observed, which correlated with a slight
increase in ice adhesion strength. This suggests that the early stages of UV exposure initiate
changes that temporarily reduce hydrophobicity, without significantly affecting adhesion,
before the hydrophobic recovery process takes effect.

For PU samples, a decrease in WCA was observed after 10 hours of UV exposure, but
not changes were detected in surface roughness. Unlike PP, this led to a slight increase
in ice adhesion strength, indicating that the ”overturn” of polar groups, typically responsible
for hydrophobic recovery, did not occur in PU. This suggests that the response to UV-
induced oxidative photodegradation varies between different polymer types, influencing their
respective ice adhesion behaviour.

The findings of this study provide valuable insights into the influence of interfacial defects
on ice adhesion strength, specifically focusing on the presence of dust particles and oil droplets,
and UV radiation exposure. This thesis advances the current understanding by highlighting the
specific effects of these different types of defects. For example, the observed change in ice
adhesion strength following the introduction of dust particles emphasizes the importance of
considering environmental factors when designing icephobic coatings.

4.2. Recommendations for future research
Based on the conclusions of this thesis, there are several key areas where further research
and improvements are necessary to improve the understanding of ice adhesion and to develop
more effective anti-icing solutions.

Firstly, while this thesis has focused primarily on the effects of UV radiation exposure on
polymer substrates after a fixed amount of hours, it would be valuable to extend this research
to examine its effects over a longer period of time. This could include investigating how
ice adhesion strength evolves over time with prolonged exposure, as well as how surface
roughness and surface energy are affected. To continue the study of the effect of liquid
droplets on ice adhesion strength, it would be beneficial to test ice adhesion strength with
the introduction of droplets of a non-hydrophobic liquid. This could serve as a contrast to the
effects observed with silicone oil and provide insight into how different types of liquids affect
ice adhesion.

Moreover, studying the effect of different types of interfacial defects, such as mechanical
damage or solvent exposure, on ice adhesion would provide a more complete understanding
of the factors that influence ice adhesion strength. Studying the impact of environmental
conditions, such as temperature, humidity, and the way in which ice forms on surfaces,
would also provide valuable insights into the mechanisms of icing under different atmospheric
conditions. The durability of icephobic coatings over multiple icing and de-icing cycles is
another area of interest. Investigating how different materials perform over time, particularly
under repeated icing conditions, would provide important information on their long-term
effectiveness and potential degradation.

Ice adhesion remains a complex phenomenon that is not yet fully understood, and
understanding the effect of different factors on it will reduce the risk of ice formation on surfaces.
It is essential to test and compare different materials and potential icephobic coatings to identify
the most effective solutions. To advance this research, it is crucial to improve the experimental
set-up, for example by modifying the cooling fluid path in the housing chamber to achieve
a more uniform temperature distribution, which would lead to more accurate and consistent
data. On a broader scale, future research should prioritise the development of standardised
test procedures across different laboratories. This would improve the comparability of results
and accelerate the development of effective anti-icing technologies, ultimately contributing to
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safer and more reliable solutions in industries where ice accumulation poses significant risk.
Finally, developing a finite element model (FEM) of the ice-substrate system could

significantly improve the analysis of stress concentrations and interactions at the interface.
Further modelling of crack initiation and propagation through the interface would also be of
great interest, providing deeper insights into the mechanisms that govern ice adhesion and
detachment.

In conclusion, future research into the understanding of ice adhesion is vital to reduce the
significant risks present in various industries, such as aerospace, due to ice accumulation.
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Appendix A

WCA results

Table A.1:Water contact angles.

Material Mean WCA
[°]

AA-6082 unpolished 84.8 83.9 84.2 84.3
AA-6082 polished 97.8 96.4 99.3 97.8
Teflon 111.7 110.8 110.5 111.0
Polypropylene 99.4 100.4 101.6 100.6
Polyurethane 87.6 86.2 86.5 86.8
PVC 94.3 96.9 96.2 95.8
SiO2 27.7 28.3 27.2 27.7
Surface modified SiO2 47.2 48.8 46.2 47.4
PP after 5h of UV exposure 86.1 81.7 91.3 86.4
PP after 10h of UV exposure 107.0 107.3 108.2 107.5
PU after 10h of UV exposure 75.6 73.4 72.1 73.7

Figure A.1:Water droplet (10µl) on the AA-6082 unpolished surface.
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Figure A.2:Water droplet (10µl) on the AA-6082 polished surface.

Figure A.3:Water droplet (10µl) on the Teflon surface.

Figure A.4:Water droplet (10µl) on the PP surface.
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Figure A.5:Water droplet (10µl) on the PU surface.

Figure A.6:Water droplet (10µl) on the PVC surface.

Figure A.7:Water droplet (10µl) on the SiO2 surface.
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Figure A.8:Water droplet (10µl) on the surface modified SiO2 surface.

Figure A.9:Water droplet (10µl) on the PP surface after 5 hours of UV radiation exposure.

Figure A.10:Water droplet (10µl) on the PP surface after 10 hours of UV radiation exposure.



74

Figure A.11:Water droplet (10µl) on the PU surface after 10 hours of UV radiation exposure.
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Appendix B

Surface roughness results

Table B.1: Arithmetical mean height (Sa) of samples.

Material Sa
Max. [µm] Min. [µm] Average [µm]

AA-6082 unpolished 2.72 2.29 2.61
AA-6082 polished 0.57 0.26 0.42
Teflon 1.69 0.84 1.27
Polypropylene 5.32 3.35 4.45
Polyurethane 0.27 0.24 0.25
PP after 5h of UV 5.18 3.69 4.50
PP after 10h of UV 4.52 2.60 3.70
PU after 10h of UV 0.24 0.16 0.21

Table B.2: Maximum height (Sz) of samples.

Material Sz
Max. [µm] Min. [µm] Average [µm]

AA-6082 unpolished 28.68 20.60 24.23
AA-6082 polished 10.35 4.01 7.71
Teflon 25.75 23.33 24.49
Polypropylene 59.47 33.46 49.51
Polyurethane 8.08 4.64 6.09
PP after 5h of UV 48.90 34.25 43.24
PP after 10h of UV 55.11 30.46 42.26
PU after 10h of UV 7.24 4.51 6.18
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Appendix C

Failed tests

Figure C.1: Sliding of the ice pillar for AA6082 unpolished.
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Figure C.2: Sliding of the ice pillar for PU.
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