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RÉSUMÉ 

La formation de glace sur les composants des aéronefs est un problème majeur dans l’aviation 

depuis ses débuts et continue de nuire à ce secteur aujourd’hui. La cause principale de la formation 

de glace est les gouttelettes en surfusion qui se trouvent suspendues dans les nuages. La basse 

température de l'air à haute altitude et l'absence de sites de nucléation dans les nuages permettent 

aux gouttelettes d'eau de se refroidir jusqu'à -40 °C sans jamais geler. Ces gouttelettes sont dans un 

état très instable et vont se geler presque instantanément à la surface d'un avion qui vole dans ce 

type de nuage. Le givrage des avions diminue la portance tout en augmentant le poids, la traînée et 

la consommation de carburant. Cela peut également faire en sorte de geler les pièces mobiles 

ensemble ou de bloquer les entrées d’air, provoquant des pannes mécaniques et même des 

accidents. Bien qu'il existe des solutions actives de prévention et d'élimination de la glace, celles-

ci ajoutent du poids et de la complexité à l'aéronef, et ne sont pas compatibles avec tous les 

composants. Pour cette raison, une solution passive est souhaitable. 

De nombreuses stratégies ont été proposées pour développer des surfaces antigel, et parmi celles-

ci, l'utilisation de surfaces superhydrophobes est l'une des plus prometteuses. Les surfaces 

superhydrophobes sont extrêmement hydrofuges, permettant à l'eau de rouler sur leur surface 

comme une bille sur du bois. Il a été démontré qu’ils retardent la formation de glace sur les surfaces 

et réduisent l’adhérence de la glace formée. Le principal obstacle à l’utilisation des surfaces 

superhydrophobes est leur faible durabilité. 

Le but de ce travail est de développer un revêtement durable qui démontre de la glaciophobicité à 

travers de la superhydrophobicité. Ceci est réalisé en utilisant un système de revêtement « mince-

sur-épais » qui consiste en un revêtement épais de TiO2 (~ 50 µm) déposé par projection plasma 

en suspension, et une superposition de couches minces déposées par dépôt chimique en phase 

vapeur assisté par plasma. Il a été démontré dans des travaux antérieurs que le revêtement de TiO2 

par projection plasma en suspension présentait une rugosité hiérarchique et qu'il était 

superhydrophobe lorsqu'il était recouvert d'une couche de finition hydrophobe. La superposition 

de couches minces est constituée de trois couches: une couche inférieure en SiNx de 150 nm, pour 

une adhérence améliorée, une couche intermédiaire DLC: SiOx à 250 nm à dureté et mouillabilité 

réglables, et une couche de finition de 100 nm d’hexaméthyldisiloxane polymérisée au plasma qui 

est souple, mais très hydrophobe. D’abord, le développement de cette superposition de revêtements 
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y est exploré en détail. Puis, la glaçiophobicité du système de revêtement complet est prouvée par 

des tests d'adhérence de glace. Finalement, la durabilité supérieure par rapport aux autres surfaces 

superhydrophobes est démontrée par des tests d'érosion par pluie et des cycles de givrage/dégivrage 

dans une soufflerie de givrage. 
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ABSTRACT 

The formation of ice on aircraft components has been a major issue in aviation since its beginning, 

and continues to plague the industry today. A leading cause of ice formation is supercooled droplets 

suspended in clouds. The low air temperature at high altitudes and lack of nucleation sites in clouds 

means that water droplets can cool to as low as -40°C without ever freezing. These droplets are in 

a very unstable state and will freeze almost instantly to the surface of an aircraft as it flies through 

an icing cloud. Icing on aircraft decreases lift, while increasing weight, drag, and fuel consumption. 

It can also freeze moving parts together or freeze over air intakes, resulting in mechanical failures 

and even crashes. While active solutions for ice prevention and removal do exist, these add weight 

and complexity to the aircraft, and are not compatible with all components. For this reason, a 

passive solution is desirable. 

Many different strategies have been proposed for developing anti-icing surfaces, and of these, the 

use of superhydrophobic surfaces is among the most promising. Superhydrophobic surfaces are 

highly water-repellent, allowing water to roll across their surface like a marble on wood. They have 

been shown to delay the formation of ice on surfaces, as well as decreasing the adhesion of ice 

which is formed. Their main barrier to usage is their low durability. 

The aim of this work is to develop a durable coating which exhibits icephobicity via 

superhydrophobicity. This is achieved by using a thin-on-thick coating system which consists of a 

thick (~50 µm) TiO2 coating deposited by suspension plasma spray, and a thin coating stack 

deposited by plasma-enhanced chemical vapor deposition. The suspension plasma spray TiO2 

coating has been shown in previous works to exhibit hierarchical roughness and is 

superhydrophobic when coated with a hydrophobic topcoat. The thin stack is newly developed, 

and consists of three layers: a 150 nm SiNx bottom layer for improved adhesion, a 250 nm 

DLC:SiOx middle layer with tunable hardness and wettability, and a soft but highly hydrophobic 

100 nm plasma polymerized hexamethyldisiloxane topcoat. Development of this coating stack is 

explored in detail, while the icephobicity of the full coating system is shown through ice adhesion 

tests, and a superior durability compared to other superhydrophobic surfaces is shown through rain 

erosion tests and icing/deicing cycles in an icing wind tunnel. 
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CHAPTER 1 INTRODUCTION 

Transportation and sub-zero temperatures have always been a tricky pair. A cursory glance through 

the literature will yield hundred-year-old scientific contributions detailing the struggles of dealing 

with ice for railways [1], sea vessels [2], and transportation in general [3]. As we push forward into 

the 1920’s, a new challenge appears: icing on aircraft [4]–[6]. And while the field of aerospace has 

become dramatically more sophisticated in the past hundred years, icing remains an issue to this 

day. 

While icing is hazardous in almost any circumstance, the potential for catastrophe when combined 

with flight is particularly high. Indeed, it has been found that 12% of all weather-related aircraft 

accidents in the United States are caused by icing, and of these, 27% are fatal. When accidents 

occur, it is almost always due to ice which forms in-flight; this is the cause of 92% of all icing 

accidents, compared to 8% resulting from ground accumulation of ice [7]. Further complicating 

the matter is the fact that the method of ice formation seen in-flight is not the same as those typically 

seen at ground level, where bodies of water slowly freeze, or temperature fluctuations around 0 °C 

cause melting of snow followed by icing of sidewalks.  

 

Figure 1.1: Icing on the leading edge of an airplane wing. Taken from [8].   

The leading cause of in-flight ice formation in aviation is supercooled water droplets suspended in 

clouds [9][10]. The low air temperature at high altitudes means that water droplets can cool to 
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temperatures as low as -40 °C without ever freezing [11]. This leads to droplets which are in a very 

unstable state, and any disturbance could provide the activation energy to begin ice nucleation. So, 

as an airplane contacts these supercooled droplets, they freeze easily to the surface. The practical 

issues presented by aircraft icing are many: it changes the profile of the airplane, decreasing lift 

and increasing drag and fuel consumption [12]; it adds weight to the airplane, again increasing fuel 

consumption [13]; and it can freeze over sensors, rendering them useless. It can also freeze moving 

parts together or freeze over air intakes, leading to mechanical failures and even crashes [7], [11]. 

Figure 1.1 shows a wing which has been subject to in-flight icing. 

Currently, icing is dealt with through active techniques, the most common of which can be seen in 

Figure 1.2. These include pneumatic boots, which can be inflated to break the ice along leading 

edges [14], as well as surface heating techniques, which can use either electrical systems or engine 

bleed air to melt the ice and/or prevent its formation [15]. The issues with these solutions is that 

they require an increase in power or fuel usage, add weight to the plane, and are not compatible 

with all exposed surfaces; generally, they are used only with leading edges. Finally, the most well-

known method is the of deicing planes after landing or before takeoff. While this ensures a safe 

take-off, it does not guarantee the prevention of more ice forming during flights, and the spraying 

of deicing chemicals is not environmentally friendly [16]. The preferred solution would be to use 

components which simply do not ice up in the first place.  

 

Figure 1.2: Common active methods for ice removal, including a) pneumatic boots, b) heating 

systems, and c) manual deicing. Taken from  [14](a, b), [17] (c) . 

Many different strategies have been proposed for developing passive anti-icing surfaces, and of 

these, superhydrophobic surfaces (SHS) are among the most promising [18][19]. A 

superhydrophobic surface is a surface which exhibits an extreme degree of water repellency, 

a) b) c) 
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allowing a droplet of water to roll across its surface like a marble across wood. They use a 

biomimetic design inspired by plants, in particular the lotus, whose leaves are covered with micro-

scale bumps, which themselves are covered with grass-like nanostructures. The combination of 

these is often referred to as “hierarchical”, or “dual-scale” roughness. The structures are covered 

by a waxy film, and the combination of this with the surface morphology leads to extremely low 

water adhesion [20]. The low water adhesion comes from the fact that the water droplets are sitting 

on top of the micro-scale bumps, with air pockets present between the bumps. This is referred to 

as the Cassie-Baxter state for a droplet and can be seen in Figure 1.3. As a whole, this phenomenon 

is known as the “lotus effect”. 

 

Figure 1.3: Droplet of liquid mercury on a taro leaf, demonstrating Cassie-Baxter wetting and the 

“lotus effect”. Scale bar is 20 µm. Taken From [21].   

The relationship between superhydrophobicity and icephobicity is the result of multiple 

contributing factors. The first is the reduction of ice formation due to the low adhesion of water 

droplets with the surface: their high impact velocity and the shear force of the airflow in flight 

conditions means that droplets impinging on superhydrophobic surfaces can bounce off before 

having time to freeze, even at sub-zero temperatures [16][22]. A second factor is the reduction of 

ice adhesion strength. Ice which forms on a SHS will have the same air pockets which are present 

for water droplets, and as ice adhesion correlates with contact area, lowering this will lower the 

adhesion [23]. Finally, the air pockets between the micro-scale surface features promote the 

development of micro-cracks at the ice-solid interface, leading to easier ice removal [24]. The 

biggest barrier into aerospace usage for superhydrophobic surfaces is their low durability, which 
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depends on maintaining the nanoscale roughness as well as the desired surface chemistry [18]; 

addressing the durability issue is the aim of this work.  

1.1 Project context 

This work was performed within the context of the Phobic2Ice project, an international 

collaboration between five research partners and four industrial partners which aims to develop 

icephobic coatings for aerospace. The Canadian research partners include Polytechnique Montreal 

and Concordia University, while European research partners include the Consejo Superior de 

Investigaciones Científicas and Instituto Nacional de Técnica Aeroespacial in Spain, and the 

Technology Partners foundation in Poland. The Canadian industrial partners are Pratt & Whitney 

Canada, Plasmionique, and Dema Aeronautics, and the European industrial partner is Airbus 

Defence & Space. Phobic2Ice is funded by NSERC and CARIC in Canada, as well as by the 

European Union’s Horizon 2020 research and innovation program. 

1.2 Research objectives 

With the overall aim of improving the durability of icephobic surfaces based on 

superhydrophobicity, the main objective of my project was defined as follows: 

• Design coatings and coating systems for aircraft components which reduce ice adhesion to 

below 100 kPa, and which retain water droplet mobility after 50 icing/deicing cycles 

performed in an icing wind tunnel. The final solution must be compatible with existing 

aircraft components. 

To achieve this main objective, a series of specific objectives were then defined: 

1. Develop a coating which has properties of high hardness and hydrophobicity. 

2. Coat hierarchically rough TiO2 surfaces (provided by Concordia University) with the hard 

hydrophobic coating. 

3. Characterize coated TiO2 surfaces noting wettability, film thickness, chemical composition, 

and surface morphology. 

4. Perform ice adhesion tests to verify the icephobicity of the surfaces. 
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5. Perform icing wind tunnel experiments to test the durability after numerous icing/deicing 

cycles. 

6. Determine the degradation mechanism of surfaces due to icing/deicing cycling. 

1.3 Thesis outline 

This thesis is divided into five chapters, including the introduction. Chapter 2 will present a 

literature review, which aims to acquaint the reader with the idea of icephobicity, as well as to 

demonstrate some of the ways in which it is achieved. In particular, it will focus on surface 

wettability, beginning with the basic concepts of water-surface interaction, and building through to 

superhydrophobicity. This will be followed by a review of hexamethyldisiloxane-based films, as 

well as a look at the deposition techniques used in the project.  

Chapter 3 will detail the methodologies used in the project, including coating deposition and 

characterization. A brief theoretical background will be presented for all of the systems used 

throughout the course of this thesis, as well as an explanation of the specific conditions used. It 

will close with a section on the icephobicity and durability tests used in this work. 

Chapter 4 presents the main results of this thesis, that is, the development of a durable icephobic 

thin-on-thick coating system. It will detail both soft and hard thin hydrophobic coatings which have 

been developed, as well their deposition on thick TiO2 coatings to create a thin-on-thick coating 

system. This coating system will be shown to provide a low ice adhesion, as well as showing a 

superior durability in icing/deicing tests and rain erosion tests compared to competing solutions.  

Finally, chapter 5 will present the conclusions of this thesis, as well as looking at future work to be 

done on the subject. 
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CHAPTER 2 LITERATURE REVIEW 

This chapter aims to provide the reader with the necessary background to understand the elements 

at play in the development and assessment of icephobic coatings. While the notion of a hydrophobic 

surface is well defined, there is no single accepted cause or definition for icephobicity. As such, 

there is a wide range of approaches used for both the development and validation of potentially 

icephobic surfaces. The current state of icephobic coatings will be presented, exploring the 

advantages and disadvantages of different design approaches and testing methodologies. The 

discussion of icephobicity will be prefaced by a discussion on superhydrophobicity, as 

icephobicity-by-superhydrophobicity is the experimental approach taken in this work. 

Following the introduction to superhydrophobicity and icephobicity, this chapter will explore the 

use of hexamethyldisiloxane (HMDSO) to create hard, hydrophobic coatings. This will begin by 

looking at the deposition of hydrophobic coatings through the plasma polymerization of HMDSO 

and expand to the combination of HMDSO with diamond-like carbon (DLC) to deposit silicon- 

and oxygen-containing DLC, commonly referred to as DLC:SiOx. The limitations on both hardness 

and hydrophobicity of such coatings will be explored, to determine benchmarks which are 

appropriate for the films developed as part of this work. 

Finally, the specific deposition techniques used in this study will be discussed. First discussed will 

be plasma enhanced chemical vapor deposition (PECVD), which is used to deposit the thin coatings 

in this work, and this will be followed by a brief discussion of thermal spray techniques, used to 

deposit the thick coaintgs. If the reader would like to further broaden their knowledge of icephobic 

surfaces, it is highly recommended that they read Kreder et al.’s 2016 review “Design of anti-icing 

surfaces: smooth, textured or slippery?” [18], as well as what is in my opinion the most ground-

breaking paper to be published on the subject in recent years, Irajizad et al.’s “Magnetic slippery 

extremely icephobic surfaces” [25]. 

2.1 Hydrophobicity and superhydrophobicity 

Superhydrophobic surfaces arise from the combination of two distinct properties: surface chemistry 

and surface morphology. To fully develop the concept, this section will build up to 

superhydrophobicity by first looking at water-surface interactions for ideal flat surfaces. This will 

be followed by a discussion on the addition of roughness to surfaces, and the effects that this can 
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have based on their flat-surface wettability. This will be expanded into the exact properties needed 

to obtain superhydrophobicity, and will finish with a discussion on superhydrophobic surfaces in 

practice, and the effects of different patterning techniques. 

2.1.1 Surface wettability and contact angle 

When a liquid comes into contact with a solid, there is an interface which is formed. If we are not 

operating in a vacuum, there exists also the liquid-vapor interface which defines the boundaries of 

the droplet itself, and the solid-vapor interface. The relation between these will define whether a 

liquid droplet wets a surface or beads, and was first explained by Young in 1805 [26]. Young’s 

equation examines the balance of these interfacial energies and uses this balance to define a 

“contact angle” (CA) between the liquid and the solid. The equation is defined as follows: 

 cos(𝜃) =
𝛾𝑠𝑣 − 𝛾𝑠𝑙

𝛾𝑙𝑣
 (2.1) 

where θ is the contact angle of the liquid with the surface, and γsv, γsl, and γlv are the specific energies 

of the solid-vapor, solid-liquid, and liquid-vapor interfaces, respectively. The point at which these 

interfaces meet is called the triple line, and it is here that the contact angle is defined. The balance 

between these energies and an illustration of how they affect the contact angle can be seen in Figure 

2.1. The possible values of θ are bounded as 0 ° ≤ θ ≤ 180 °, since θ = 0 ° would indicate a 

completely wetted surface, and θ = 180 ° would indicate an unwettable surface. Looking at equation 

(2.1), it then becomes apparent that if γsl < γsv, we have a positive value of cos(θ) and thus a contact 

angle θ < 90 °. This makes sense, because we have defined the energy required to create a solid-

vapor interface as higher than the energy required to create a solid-liquid interface, causing the 

droplet to increase the area of its solid-liquid interface by spreading along the surface. If we take 

the opposite situation, γsl > γsv, then the equation yields a contact angle θ > 90°. Considering that it 

is now our solid-liquid interface whose creation requires more energy, we will see a reduction in 

its area, and our droplet will bead on the surface. It is worth noting that this equation assumes both 

a perfectly flat and perfectly homogeneous surface. 
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Figure 2.1: Schematic of Young’s equation showing the contact angle as a function of the solid-

liquid, solid-vapor, and liquid-vapor interfacial energies. The contact angle is measured as the 

angle between the solid-liquid and the liquid-vapor interfaces. 

The most common type of contact angle measurement is performed using water as the liquid and 

air as the vapor. In this case, what we are measuring is specifically the water contact angle (WCA), 

and it is a very important property in any application where a surface is expected to come into 

direct contact with water. When the WCA of a surface is greater than 90°, that surface is said to 

bez` hydrophobic, and when it is less than 90°, that surface is said to be hydrophilic. 

The water contact angle is a specific case of the surface energy and can thus be considered a 

property which is intrinsic to the material. Surface energy itself “arises from the imbalance of the 

force between atoms or molecules at the surface.” [27] It is a sum of a polar component, which is 

a result of existing covalent bonds, hydrogen bonds, and dipole-dipole interactions, and a dispersive 

component, which is the result of Van der Walls interactions [27]. By definition, a low surface 

energy material will always have a high water contact angle, but a water contact angle measurement 

on its own is not enough to determine the surface energy of the material. This is because water is 

a primarily polar liquid and will not give information about the dispersive component of surface 

energy. To obtain the surface energy, contact angle measurements for at least one primarily 

dispersive liquid, such as diiodomethane, must also be performed [28]. 

In some cases, such as oleophobic (oil-repelling) or omniphobic (repellant of all liquids) surfaces, 

it is very important to be aware of both the polar and dispersive components of surface energy, as 

well as its total value, since a coating which is hydrophobic may also allow for easy wetting by 

other liquids such as hexadecane [29]. When dealing with surface which only need to repel water, 

however, it is sufficient to only perform contact angle measurements with water. Indeed, it is rare 

to find articles which focus on hydrophobicity and also give an exact value for surface energy. 
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Because of this, this thesis will use the term “contact angle” to mean “water contact angle” unless 

otherwise noted, and wettability will be reported in terms of water contact angle rather than surface 

energy. 

It was previously mentioned that surfaces which repel water are said to be hydrophobic. As per 

Shafrin and Zisman [30], there are two types of surfaces which will give hydrophobicity: 

1. Surfaces exposing only fluorine atoms. 

2. Surfaces exposing only carbon and hydrogen atoms. 

Of these, the first group is more hydrophobic, and it has been shown that the highest contact angle 

which can be achieved on a flat surface is 120°, for a perfluoronated monolayer [31]. In the case 

of a surface exposing only carbon and hydrogen atoms, the highest contact angle of 111° is 

achieved when the surface is comprised entirely of methyl groups (CH3) [30].  

2.1.2 Effect of roughness 

While Young’s equation assumes a perfectly flat surface, these are rarely encountered in reality. 

Moving beyond the inherent roughness of any surface, which should be kept in mind when making 

“flat sample” contact angle measurements, the addition of micro- and/or nano-scale features to a 

surface can have a drastic effect on its wettability. In general, the effect of roughness is to 

exaggerate the already-present contact angle properties of a surface. That is to say, if roughness is 

added to a hydrophilic surface, it becomes even more hydrophilic, and if it is added to a 

hydrophobic surface, it becomes even more hydrophobic. 

In 1936, Wenzel developed an equation to determine the measured contact angle of a surface, based 

on the contact angle of a flat surface with the same chemical composition [32]. This became known 

as the Wenzel equation and defines the apparent contact angle of a rough surface as: 

 cos(𝜃∗) =  𝑟 cos(𝜃) (2.2) 

where θ* is the apparent contact angle, θ is the contact angle for a flat surface, and r is the ratio of 

the actual surface area to the projected surface area. Since any change to the surface can only 

increase its actual surface area, it is clear that r > 1 for any non-flat surface, and for a perfectly flat 

surface, r = 1 and θ* = θ. Considering that real-world values for the flat-surface contact angle are 

0 ° < θ < 120 °, it also becomes apparent that an increase in roughness will cause any hydrophobic 
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surface (θ > 90 °) to exhibit a higher contact angle than a chemically identical flat surface, while a 

surface which is initially hydrophilic (θ < 90 °) will have its apparent contact angle decreased. Also 

important to understand about Wenzel-type wetting is that it describes the situation where water is 

able to fully wet the surface features below the droplet, as can be seen in Figure 2.2. This means 

that the droplet becomes anchored into the surface, and has a higher adhesion than on a flat surface 

of identical chemistry [33]. 

 

Figure 2.2: The effect of Wenzel roughness. a) Hydrophilic and b) hydrophobic flat surfaces, and 

c) a rough hydrophobic surface exhibiting Wenzel wetting. 

In 1944, the effect of roughness was extended to porous surfaces by Cassie and Baxter [34]. While 

their work was on the subject of water repellency in clothing, it has since been applied to any 

situation where a water droplet sits on a composite solid-air interface, as demonstrated in Figure 

2.3. The composite interface means that there are air pockets between surface features, and that 

only a fraction of the area under the droplet is actually in contact with the surface.  

 

 

Figure 2.3: The effect of Cassie-Baxter roughness. a) Hydrophobic flat surface, b) a rough 

hydrophobic surface exhibiting Wenzel wetting, and c) a rough hydrophobic surface exhibiting 

Cassie-Baxter wetting. 

a) b) c) 

a) b) c) 



 

 

11 

 

The Cassie-Baxter equation is given by: 

 cos(𝜃∗) =  −1 + 𝜑𝑠[cos(𝜃) + 1] (2.3) 

where θ* is again the apparent contact angle, θ is the contact angle for a flat surface, and φs is the 

solid fractional area of the interface which makes contact with the liquid. As with the Wenzel 

equation, the Cassie-Baxter equation reduces to θ* = θ when a flat surface is considered (φs = 1). 

Unlike the Wenzel equation, the Cassie-Baxter equation will give a value of θ* > θ if there is any 

surface roughness present. Because of this, it is important to be sure that Cassie-Baxter wetting is 

indeed happening if using this equation to describe a system. Compared to Wenzel wetting, it can 

also be seen in Figure 2.3 that the same “anchor” effect is not present. Instead, we have a reduction 

of solid-liquid contact area, which has the effect of reducing water adhesion compared to a flat 

surface of identical chemistry. 

It should be noted that when a rough surface is being reported on in the literature, it is the apparent 

contact angle which is most regularly presented. Unless a study is specifically referencing the effect 

of morphology on a surface with known chemical properties, the “apparent” is dropped, and the 

term “contact angle” is used to describe the results obtained when performing goniometry on the 

sample. The system as a whole is considered, rather than dividing into chemical and morphological 

contributions. 

2.1.3 Superhydrophobic surfaces 

The next major breakthrough in understanding wettability came in 1997, with the identification of 

the physical principles behind “superhydrophobic” surfaces. While it has long been known that 

lotus leaves are extremely water-repellant, it was not until Barthlott and Neinhuis imaged a lotus 

leaf by SEM that the reason for this was understood [21]. Figure 2.4 shows this image, where we 

can clearly see micro-scale bumps along the surface, which themselves are covered in needle-like 

nano-scale hairs. This combination of micro and nano surface features has become known as 

hierarchical or dual-scale roughness [35]. When combined with the epicuticular wax which covers 

the lotus leaf, a surface is obtained which allows water roll across it with ease; this phenomenon is 

known as the lotus effect [21]. 



 

 

12 

 

Figure 2.4: The first SEM image captured of a lotus leaf, detailing its hierarchical roughness. 

Taken from [21]. 

The reason for this low droplet adhesion can be seen in Figure 2.5, which compares lotus-style 

wetting with its Wenzel and Cassie-Baxter counterparts. In effect, lotus wetting it is an extension 

of the composite interface seen in Cassie-Baxter wetting, except that now the droplet is sitting on 

nano-scale – rather than micro-scale – surface features. This creates an even lower φs value, and 

the fact that water droplet has so little true contact with the surface means that it can easily roll 

across it. For this reason, these surfaces are also said to exhibit Cassie-Baxter wetting [36]. 

 

Figure 2.5: Wenzel (a) and Cassie-Baxter (b) wetting, as well as the lotus-style Cassie-Baxter 

wetting resulting from hierarchical roughness (c).  

While the contact angle shows us how water sits on a surface, it tells us nothing about the mobility 

of droplets which are placed on it. To quantify the adhesion of a water droplet to a surface, a 

20 µm 

a) b) c) 
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measurement called the contact angle hysteresis (CAH) is used [37]. Contact angle hysteresis is 

defined via the advancing and receding contact angles, where 

 𝐶𝐴𝐻 =  𝜃𝑎𝑑𝑣 − 𝜃𝑟𝑒𝑐  (2.4) 

The advancing contact angle (θadv) is defined as the highest contact angle which can be measured 

on a surface. Similarly, the receding contact angle (θrec) is the lowest contact angle which can be 

measured on a surface. Both of these are metastable states which will only be achieved when some 

sort of external energy is applied to the system [38]. An illustration of this can be seen in the Gibbs 

energy for a water droplet on a rough surface in Figure 2.6. Because of this, these properties are 

sometime referred to as “dynamic” contact angle measurements, as opposed to the “static” most 

stable contact angle, achieved by simply placing a droplet onto the surface [39]. 

 

Figure 2.6: The Gibbs energy for a water droplet on a rough surface. Taken from [38]. 

In particular, the contact angle hysteresis is useful for determining what type of wetting is occurring 

on a surface. Indeed, the fundamental difference between Wenzel and CB wetting can be most 

easily seen by looking at the hysteresis measurements for corresponding samples [40]. A surface 

with Wenzel wetting will have a very high (CAH > 40°) or even unmeasurable hysteresis because 

the base of the droplet is anchored in place, and as such large external forces can be applied to the 

droplet, distorting its shape without causing the droplet to move and to return to a more stable state. 
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A surface with Cassie-Baxter wetting will have a low hysteresis (CAH < 10°), because with any 

disturbance the droplet simply rolls across the surface until it falls off or settles into a more stable 

state. A measurement similar to the contact angle hysteresis (though not directly related to it) is the 

roll-off angle (RoA), which is a represents the angle at which a sample must be tilted for a droplet 

to begin rolling off of the surface. 

With definitions of contact angle and contact angle hysteresis in place, we can now define 

superhydrophobicity itself. The most common definition of a superhydrophobic surface is one 

which satisfies the following three conditions: 

1. A contact angle greater than or equal to 150°. 

2. A contact angle hysteresis less than or equal to 10°. 

3. A roll-off angle less than or equal to 10°. [41] 

It should be noted that there is not a full consensus on these last two points in the literature. Some 

authors present only their hysteresis results [42][43][44], while others state only the roll-off angle 

[45][46][20]. In the author’s experience, CAH is always higher than RoA, and as such, it can be 

difficult to be sure that a surface is indeed superhydrophobic when only the RoA is reported, 

especially if its value is close to the 10° cut-off point. Beyond this, the literature is ripe with 

publications which call their surfaces “superhydrophobic”, but state only the contact angle, 

specifying neither a CAH nor a RoA value [47][48][49]. In this case it is literally impossible for 

the reader to be sure of the sample’s superhydrophobicity, as even surfaces with a seemingly high 

droplet mobility can fall short of the requirements for superhydrophobicity. Also noteworthy is the 

fact that hierarchical roughness is not explicitly required for superhydrophobicity. While this is the 

easiest path to obtaining superhydrophobicity, it can potentially also be achieved with Cassie-

Baxter wetting on surfaces which only have nano-scale roughness, but a very low φs value. 

Due to the importance of contact angle hysteresis, it is worth the time to take a closer look at how 

it is measured and gain a full understanding of the physical phenomena it represents. There are two 

techniques which are commonly used to measure contact angle hysteresis: The droplet 

inflation/deflation method, and the tilting method [50]. 

The droplet inflation/deflation method is performed by first placing the droplet dispenser very close 

to the sample surface. A small amount of water is then dispensed, so that there is a small droplet 
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sits on the surface while still being in contact with the dispenser itself. A video recording of the 

droplet is started. The droplet is then inflated by continuously dispensing water (~10 µl total). The 

droplet will increase in size until eventually the baseline of the droplet expands. The video frame 

immediately before this baseline expansion is used to determine the advancing contact angle. When 

all of the water has been dispensed, deflation of the droplet is performed by removing water. The 

droplet will now decrease in size until the baseline of the droplet contracts. The frame immediately 

before this change in the baseline will be used to determine the receding contact angle [51]. A 

schematic of this process can be seen in Figure 2.7. 

 

Figure 2.7: Droplet inflation/deflation method for measuring CAH. The initial droplet and 

beginning of droplet inflation can be seen in a) and b). At some point, the baseline begins to 

advance, and the advancing CA can be measured during this time. After the droplet is fully 

inflated, deflation begins as seen in d). The baseline decreases as in e), and the receding contact 

angle can be measured from the last frame before the baseline change. It is important to note that 

when the droplet size becomes too small (< 3µl), its shape will be highly distorted from its 

contact with the needle, and measurements taken at this point are not valid (f). Taken from [39]. 
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The biggest advantage of this method is that it is relatively simple to perform; a bare-minimum 

setup can be achieved with a microliter syringe and a camera. It also relies only on interactions 

between water and the surface itself, rather than the effects of gravity as is the case in the tilting 

method. Disadvantages are that it does not provide a RoA value, and that for high-quality 

measurements, an automatic dispensing system with a consistent water flow rate is needed [39]. It 

is also very important to perform a careful analysis after the video has been captured. Especially 

on a superhydrophobic surface, it can be difficult to pinpoint the frame at which θadv and θrec should 

be calculated, since the baseline may appear to move consistently with droplet inflation and 

deflation. In this case, multiple measurements must be made across multiple frames if there is no 

software to analyze the video, which can be quite tedious. The possibility of droplet distortion by 

the needle must also be considered for any frame to be used for measurement; while Figure 2.7 

shows a droplet which is perfectly centered around the dispenser, this is rarely the case in reality. 

So while the methodology is rather basic, obtaining accurate measurements is not always so simple, 

and it has been estimated that it takes 20 minutes to obtain one high-quality CAH measurement 

with this methodology [39]. 

The tilting method is performed by first placing a water droplet on the sample surface, starting a 

video recording of the sample surface, and then tilting the sample until the droplet begins to move 

[50]. The video is examined to find the last frame before the droplet begins to move, and this frame 

is used to make all measurements. The roll-off-angle is recorded as the angle of the sample which 

causes the droplet to roll, while the advancing contact angle is the measured from the front of the 

droplet, and the receding contact angle is measured from the back, as can be seen in Figure 2.8. 

 

Figure 2.8: Tilting method for contact angle hysteresis measurement. α represents the roll-off 

angle, and the points of measurement for the advancing (θadv) and receding (θrec) contact angles 

are indicated. Taken from [35]. 
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One advantage of the tilting method is that it allows the capture of the roll-off angle, as well as the 

advancing and receding contact angles from a single image. It also gives a greater intuitive sense 

for the superhydrophobicity of a surface by allowing the user to see how little tilt is required to 

cause a droplet to roll off. While a superhydrophobic surface with Cassie-Baxter wetting will have 

a roll-off angle below 10°, a surface which exhibits Wenzel wetting can have droplets adhere to 

the surface even when turned upside down (Figure 2.9). There is a correlation between CAH and 

RoA values, however, there is no calculation which can give one from the other, and the difference 

between these will vary from surface to surface. RoA can be particularly important in certain 

applications, such as in controlling liquid flow in microchannels and for surfaces where self-

cleaning properties are desired [50]. 

 

Figure 2.9: A droplet suspended from a surface which exhibits Wenzel-type wetting. The droplet 

adheres to the surface even when tilted to 180 °. Taken from [33]. 

One disadvantage of the tilting method is that it is requires more complex equipment to perform. 

As was the case with droplet flow, an automated system with a consistent tilting rate is required if 

accurate measurements are to be obtained. Another issue stems from the fact that the droplet rolls 

because it is being acted on by gravity. This means that the mass of the droplet will be directly 

related to the downward force it experiences, and because of this it is important to use consistently-

sized droplets for all measurements, and to always report the droplet volume used [39]. 

Like the contact angle itself, contact angle hysteresis is a seemingly simple measurement that 

nevertheless requires real attention to and thought about the measurements being made. While it 

has been over 70 years since the concept was first proposed [52] and the theoretical groundwork 
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was laid [53] one can still find articles set to be published in January of next year which misreport 

advancing contact angles as being below the corresponding static contact angle [44], and just a few 

months ago, a Nature protocols article was published with the goal of defining a proper technique 

for its measurement [39]. 

2.1.4 Reentrant topography 

While the classic model for a superhydrophobic surface is to combine hierarchical roughness with 

hydrophobicity, it has been shown recently that the effects of superhydrophobicity can be obtained 

even outside of these parameters. Indeed, the carnauba wax which coats the surface of the lotus 

leaf was found in 2005 to have a contact angle of 74 ± 9°, making it hydrophilic rather than the 

supposed hydrophobic [20]. Why then, is the lotus leaf superhydrophobic at all? it is because of 

what has been termed “reentrant texture” or “reentrant topography” [29]. This means that a vector 

normal to the surface and placed outside of the interior boundaries of a feature will pass through 

the feature more than once as it extends outwards. This could also be expressed as a surface whose 

height is not a function of its (x, y) coordinates due to failing the vertical line test. The first surfaces 

of this type were created by etching silicon, and can be seen in Figure 2.10 

 

Figure 2.10: SEM images of silicon surfaces etched to give them reentrant topography. This 

surface had a contact angle of 160° despite the flat hydrogen-terminated Si surface having a 

contact angle of only 74 ± 3°. Taken from [54].  

Superhydrophobicity is not guaranteed simply because a surface has reentrant topography; the 

droplet behaviour depends on the shape of the structures. In particular, the angle made by the walls 

of the “indent” and the horizontal plane (θoverhang) is important. This is illustrated in Figure 2.11. 



 

 

19 

For water to sit on top of the silicon pillars, there must be an energy barrier preventing it from 

sliding down them and wetting the surface completely. This energy barrier is provided by capillary 

forces for reentrant surfaces. If θoverhang is greater than the contact angle of water on the flat surface 

(θflat), then a meniscus forms which generates a force Fs downwards into the air pocket, and the 

surface is wetted completely. In the situation where θoverhang = θflat then there is no meniscus and 

the water sits parallel to the horizontal plane. It should be noted that this configuration will be 

extremely unstable and even the effects of gravity could be enough to cause surface wetting. If 

θoverhang < θflat, then the water in the air pocket takes on a convex shape, generating a force away 

from the surface and maintaining a metastable Cassie-Baxter state.   

 

Figure 2.11: Three cases of reentrant topography. Shows the effects of a) θoverhang > θflat, b) 

θoverhang = θflat, c) θoverhang < θflat. Taken From [54]. 

While an abundance of available hydrophobic coatings means that reentrant topography is not 

necessary for the case of superhydrophobic surfaces, it is a very important concept for 

superoleophobicity, where coatings which are oil-repellant on flat surfaces may not be readily 

available or even exist [29]. 

2.1.5 Superhydrophobicity in practice 

While the previous sections have aimed to provide an understanding of superhydrophobicity and 

how it can be measured, this literature review would not be complete without exploring some of 

the specific surfaces which have been developed by researchers. Ignoring the possibility of 

reentrant topography on hydrophilic surfaces, there are three main ways in which a 

superhydrophobic surface can be obtained: 

1. Depositing a hydrophobic coating on a surface with the desired roughness. [16][22][44]. 

2. Depositing hydrophobic nanostructures on a surface with micro-scale roughness [33][37]. 
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3. Modifying a hydrophobic surface so that it exhibits hierarchical roughness [55]. 

In practice, the first method is seen most often in the literature, as it does not limit the type of 

material which can be used to obtain the desired surface morphology.  

With advancements made to surface patterning over the past 70 years, it is now much easier than 

in the time of Cassie and Baxter for researchers to design and manufacture surfaces to their liking. 

An example of this is work done by Nguyen et al., who used plasma etching of quartz glass through 

nanospheres of varying size to create precise nano-pillar arrangements. These were then coated 

with a perfluoropolyether solution to render them hydrophobic. The chosen conditions lead to 

pillars with top diameters of 30 – 145 nm, while all had a 150 nm base. 

 

Figure 2.12: Definition of a unit cell for the calculation of the CB fractional area φs. S is the 

center-to-center distance between pillars, d is the diameter of a pillar top. Adapted from [47].  

As the nanospheres formed a hexagonal arrangement, so too did the pillars. There could then be 

divided into unit cells, as seen in Figure 2.12, and from the unit cell the fractional area for the 

Cassie-Baxter equation (φs) of the surface can then be obtained from: 

 𝜑𝑠 =  
𝜋𝑑2

2√3𝑆2
 (2.5) 

where d is the diameter of the pillar top and S is the center-to-center distance between pillars. 

Plugging these values into the Cassie-Baxter equation yielded results very close to those obtained 

by contact angle measurement, as can be seen in Table 2.1. 

 



 

 

21 

 

Table 2.1: Feature sizes and measured contact angle vs. Cassie-Baxter calculated contact angle for 

nano-pillar surface. Adapted from [47]. 

Sample Top diameter (nm) Areal fraction φs Measured CA (°) Calculated CA (°) 

1 30 0.036 169 169 

2 50 0.11 160 161 

3 70 0.2 154 153 

4 90 0.33 151 148 

5 145 0.74 132 127 

 

An additional property of superhydrophobic surfaces is the ability of water to bounce off of them 

due to its low adhesion. Sharifi et al. [56] showed exactly this for a TiO2 surface deposited by 

suspension plasma spray and coated with hydrophobic stearic acid, and the bouncing can be seen 

in Figure 2.13. This surface was tested by measuring the coefficient of restitution (ratio of droplet 

velocity after impact to the velocity before impact) for bouncing droplets, which was shown to be 

0.82 for an impact velocity of 250 mm/s and 0.48 for an impact velocity of 450 mm/s. The values 

are an improvement over those seen for the lotus leaf, which gave values of 0.75 and 0.40 for the 

same impact velocities.  

 

Figure 2.13: Water droplet bouncing on a superhydrophobic surface. Taken from [56].   
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Further bouncing droplet experiments were performed by Mishchenko et al., this time using highly 

organized silicon surfaces patterned by photolithography and reactive ion etching steps [16]. 

Surfaces were then treated with a hydrophobic silane to render them superhydrophobic. The surface 

structures developed included small densely packed pillars, larger more sparsely placed pillars, and 

a closed-cell brick structure. All of these can be seen in Figure 2.14. 

 

Figure 2.14: Three different surface patterns used to test droplet bouncing. a) small, dense pillars, 

b) larger, sparse pillars and c) closed-cell bricks. Inlays show contact angle and droplets bouncing 

off of each surface. Taken from [16].    

The droplet-bouncing results in this case were analyzed with the intention of determining 

temperatures at which the droplet freezes to the surface and will be explored in Section 2.2.2. 

However, this work also contains a particularly interesting and not often reported analysis of the 

pressure stability of the developed surfaces. This provides the pressure at which droplets will 

transition from a Cassie-Baxter state to a Wenzel state. While this is not a great concern for droplets 

rolling across the surface, it does give interesting data for applications where droplet impacts are 

expected. It was shown that the closed-cell structure seen in Figure 2.14 (c) rebounded droplets 

without issue from 10 cm, while droplets falling 5 cm were able to wet the surface of the large-post 

structure seen in Figure 2.14 (b). The reason given for this is that air becomes trapped in the closed 

cells upon droplet impact, and its compression pushes back against the droplet allowing it to 

bounce. In the case of the pillars, the air displaced by the droplet can easily move across the surface, 

allowing water to contact the surface and establish Wenzel wetting. Further experiments performed 

in a high-pressure chamber showed no Wenzel wetting on the closed-cell surface even at 40-60 

atm, which translates to droplet impact speeds of 90 – 135 m/s. 
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2.2 Icing & icephobicity 

It is well-known that water freezes at 0 °C. In fact, until 1954, the transition temperature of ice to 

water defined 0 °C [57]. However, if there are a lack a nucleation sites (e.g. dust, impurities, 

surfaces in contact with the water), then water can be cooled to as low as ~232 K (-41 °C) before 

homogeneous nucleation occurs, causing the water to freeze spontaneously [58]. When water is 

below its freezing temperature but ice still has not nucleated, it is said to be supercooled. This is 

what occurs in clouds which contain supercooled water droplets; there are no nucleation sites so 

they are allowed to cool with the air, and they have been shown to cool down as low as -35 °C 

while remaining liquid [11]. 

It is not only the droplet temperature that affects aircraft icing in clouds. Two other extremely 

important parameters are the liquid water content (LWC) and the median volume diameter (MVD) 

[59]. The LWC is measured in g/m3 and values as low as 0.2 g/m3 can cause icing. MVD is 

measured in µm, where droplets above 30 µm are sometimes referred to as supercooled large 

droplets (SLD). It has been shown that SLD pose the highest risk for icing, while smaller droplets 

can also cause icing if the LWC is high enough [9]. Table 2.2 lists the conditions which give the 

greatest risk of in-flight icing. 

Table 2.2: Conditions for greatest risk of icing. Taken from [60].

Parameter Value 

Liquid water content 0.2 to 3.0 g/m3 

Temperature +4°C to -40°C 

Droplet diameter (MVD) Typically 1-50 μm, also up to 400 μm 

 

Given the large range of parameters which can cause icing, it should not be surprising that in-flight 

icing is not limited to parts of the world with colder climates. This can be easily seen by looking at 

Figure 2.15, which shows the average supercooled liquid water content of clouds across the globe. 

It should be stressed that it is supercooled LWC which is being shown, not the total LWC.  

Comparing Figure 2.15 to the global population map in Figure 2.16, it is seen that many of the 
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world’s most populous areas are in or near locations with an average supercooled liquid water 

content above 0.2 g/m3. This means that icing can be a concern on almost any flight. 

 

Figure 2.15: Average supercooled liquid water content in clouds across the globe. Taken from 

[61].  

 

Figure 2.16: Persons/km2 on Earth in 2015, as modelled by Gridded Population of the World 

(GPW) v4. Taken from [62].  
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The ice which forms form SWD can be divided into three types: rime, glaze, and mixed [63]. 

Examples of each of these on steel plates and aerodynamic profiles can be seen in Figure 2.17. 

Rime ice is formed when supercooled droplets freeze immediately upon impact, and is easily 

identified by its milky opaque appearance [60]. Glaze ice is formed when supercooled droplets run 

back along a surface before freezing. It is denser and harder than rime ice, and is transparent or 

translucent [7]. Mixed ice is, unsurprisingly, a mix between rime and glaze ice. 

 

Figure 2.17: Glaze, mixed, and rime ice formed on steel plates (top) and aerodynamic profiles 

(bottom). Taken from [63]. 

As was mentioned in the introduction, the issue of icing has been around for a long time, indeed, 

long before the current verbiage associated with it. The first usage of the term icephobic, then 

stylized as “ice-phobic” (quotes included), comes from a 1962 work concerning impinging droplets 

on Teflon surfaces [64]. Around 2004, there was seen a large increase in the research output on 

icephobicity, which by this time had outgrown both its hyphen and quotation marks [65]. In 

creating measurable parameters for icephobicity, it makes sense to take cues from the nomenclature 
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of hydrophobicity. Just as a hydrophobic surface is not one which is completely unwettable, the 

formation of ice on a surface should not disqualify it from being labelled “icephobic”. Instead, we 

should look at ease of ice removal, and the difficulty of ice formation to decide whether a surface 

is icephobic. This section will do exactly that, exploring the most common measures of 

icephobicity:  ice adhesion, ice accretion, and freezing delay. A wide variety of sample types which 

exhibit some level of icephobicity will be presented, and the challenges involved in making durable 

icephobic surfaces will be explored. 

2.2.1 Ice adhesion 

The most common definition of icephobicity is related to ice adhesion. In this case, researchers aim 

to measure the shear stress required to remove ice from a sample, and report this as the “ice 

adhesion strength”. When examining the results, it is said that any surface exhibiting an ice 

adhesion strength less than 100 kPa may be labelled as “icephobic”. This guideline was presented 

as early as 1993 as a benchmark for anti-icing paved surfaces [66], and was reiterated by Hejazi et 

al. in  a 2013 review on the subject [65]. This number has since become a standard value used in 

the literature [18][67]. Beyond this, the value of 20 kPa is used as a benchmark for surfaces to 

allow the passive removal of ice, such as by wind or vibration [19]. 

There are two main techniques used for the formation of ice and testing its adhesion. The first 

begins with the formation of ice on a surface by spraying it with microdroplets of supercooled 

water in an icing wind tunnel. The mass and area of ice formed are then recorded, and the sample 

is mounted onto a centrifuge in a cold chamber, and spun at a constantly increasing speed until the 

ice detaches from the surface [68][44][23]. The speed at which the ice was removed is recorded, 

and from this, the centrifugal force can be calculated as: 

 𝐹 = 𝑚𝑟𝜔2 (2.6) 

where m is the mass of ice which has been removed, r is the radius of the centrifuge beam, and ω 

is the rotational speed in rad/s. From this, the shear stress can be calculated simply by taking  

 𝜏 =
𝐹

𝐴
 (2.7) 
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where A is the deiced area. The advantages of this technique are that it allows for testing any type 

of ice which can be obtained in the icing wind tunnel being used, and that the freezing mechanism 

is the same as we expect to see in aviation. The downside, of course, is that it requires an icing 

wind tunnel, which is not a readily available piece of equipment. 

The second technique involves freezing ice blocks onto the surface, and then applying a force on 

the ice, parallel to the surface being tested [19][69][70]. An example of this process can be seen in 

Figure 2.18. Water is poured into a mold, which is then placed onto the surface, using any variety 

of methods to keep the water from leaking out. The ice is formed by placing the sample + mold 

configuration into a freezer or onto a Peltier plate for 10-24 hours until solid blocks of ice are 

formed. The molds are then removed, and a force transducer is used to apply pressure until the ice 

is removed. Force is applied as close to the bottom of the ice block as possible (~1 – 2 mm) to 

minimize torque on the sample. The maximum force required to remove the ice is recorded and 

from this the ice adhesion strength can be obtained by dividing by the area of ice/sample contact. 

This technique is relatively simple to set up with common laboratory equipment, but it ignores both 

the structural differences of different ice types, and the complications which can arise from micro-

scale droplets becoming trapped in surface features.  

 

Figure 2.18: A common method for testing the adhesion strength of a surface. a) Water is poured 

into molds which are then placed in direct contact with the samples. b) Water is frozen onto the 

surface, whether via Peltier plate or simply by placing samples in a freezer. (c) The molds are 

removed, and a force transducer is used to apply a force until the ice breaks or is dislodged. This 

force is noted, and from this an ice adhesion strength value is obtained. Taken from [70].  
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Results of ice adhesion tests for a wide variety of surfaces were aggregated by Kreder et al. [18] 

and can be seen in Figure 2.19. Here the results are divided into material categories, and they allow 

us to get a sense of expected values for different surfaces. These results and the types of surfaces 

used to achieve them will be explored in more detail in the following pages. 

 

Figure 2.19: A breakdown of ice adhesion values reported in the literature for different types of 

surfaces. Adapted from [18].   
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Looking at Figure 2.19, we first see the high ice adhesion for hydrophilic materials such as smooth 

polymers, and the particularly high ice adhesion for ceramics and metals, which in many cases 

exceeds 1000 kPa. This high adhesion of ice to metals is the main reason that icephobic coatings 

are so desirable.  

Looking at hydrophobic flat surfaces, we see silicones and fluorinated materials. Fluorinated 

coatings seem to have the effect of shifting ice adhesion values downward from those seen for 

metals and ceramics, with the majority of values in the range of 200-400 kPa. There have, however, 

been some fluorinated smooth sol-gel coatings which have shown ice adhesion values below 100 

kPa [71]. More promising results are seen for silicones. A commonly-seen silicone in the literature 

is PDMS (polydimethylsiloxane) [19] [72]. While the typical reported ice adhesion values for 

PDMS are in the 200-300 kPa range, Golovin et al. [19] showed that this value could be decreased 

if a coating’s physical stiffness was altered through a change in its cross-link density. In this case, 

ice on the surface is shed through interfacial cavitation: a force applied to the ice causes 

deformation of the soft elastomer coating, and because the ice is so comparably stiff, it cannot 

deform with the PDMS coating. The stress from the applied force causes cracks along the ice-solid 

interface which then cause delamination of ice from the surface. Through the optimization of the 

PDMS stiffness, they were able to produce coatings with ice adhesion as low as 26 ± 3 kPa. 

PDMS coatings have been pushed even further through the development of coatings with internal 

voids, which function as macroscale crack initiators (MACI) [69]. Figure 2.20 shows a finite 

element modeling comparison of MACI coatings to flat homogeneous PDMS coatings. By 

optimizing hole size across a three-layer structure, He et al. were able to reduce the ice adhesion 

to 28 kPa for non-chemically-modified PDMS. By using silanized PDMS for lower surface energy, 

this was decreased to 25 kPa, and by modifying the cross-link density this was further decreased 

to only 5.7 kPa [69]. It should be noted that in the case of ice removal by interfacial cavitation, 

there is no requirement for the surface to be hydrophobic, let alone superhydrophobic.  

The downside of this methodology for icephobic surfaces is the lack of mechanical stiffness of 

PDMS. This prevents the its usage in fields such as aerospace where high-velocity particles 

impinging on the surface could easily pierce it or become embedded [18]. And while this is a 

concern for “regular” PDMS, the effect would be exaggerated for coatings rendered even less stiff 

by the methods described above. 
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Figure 2.20:  Finite element strain analysis for ice on PDMS films. The locations of possible 

crack initiation for a homogenous film are shown in a), while b) shows that MACI causes 

macroscopic cracks at multiple locations along the interface.  The black arrows are representative 

of the forces applied. Taken from [69]. 

Next in Figure 2.19, we see superhydrophobic surfaces, presenting many surfaces at or below the 

100 kPa threshold. Wenzel surfaces are included as a reference point, and we can see that these 

always exhibit high ice adhesion. The reason for this is the same as their high water adhesion: water 

becomes anchored into the surface features, and upon freezing, it is now locked into place. For this 

reason, it is extremely important that researchers claiming to include SHS in their testing include 

a CAH value, an RoA value, or at least some indication that the droplets are in a Cassie-Baxter and 

not a Wenzel state on the surface. This is not always the case [71]. 

There have been two reasons given for the decreased ice adhesion of superhydrophobic surfaces: 

the reduced ice-surface contact area due to the air pockets cause by Cassie-Baxter wetting [23], 

and the air pockets functioning as surface defects of the ice, promoting the propagation of 

microcracks [24]. Nguyen et al. [47] showed the dependence of ice adhesion strength on contact 

area using the same hydrophobic nanopillars discussed in section 2.1.5. Surfaces are shown to be 

icephobic or near-icephobic when the areal fraction is 0.33 or below, for pillars with 30 – 90 nm 
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top diameters. When the areal fraction increases to 0.74 for the 145 nm pillars, a large increase up 

to 900 kPa is seen. These values as well as SEM images of the nanopillars can be found in Figure 

2.21. A value of ~7 kPa was obtained for the 30 nm pillars with a 0.036 areal fraction. 

 

Figure 2.21: Ice adhesion vs. Areal fraction for hydrophobic nano-pillars. Also shown are SEM 

cross-sections and tilted images, as well as droplet images for each pillar size. Adapted from [47].  

For structures which are not so tightly controlled, such as those on thermal sprayed or anodized 

surfaces, finding the exact areal fraction can be difficult or even impossible. In 2009 Kulinich and 

Frazaneh [23] suggested that ice adhesion could be linked to contact angle hysteresis for 

superhydrophobic surfaces. They tested superhydrophobic surfaces deposited from a ZrO2 

nanopowder suspension in deionized water, which were further coated with a perfluoroalkyl 

methacrylic copolymer. Surfaces with different morphologies and wettabilities were created by 

varying the quantity of nanopowder in the suspensions. Icing tests were then performed in an icing 

wind tunnel and adhesion was calculated via the centrifuge method. Figure 2.22 shows the ice 

adhesion results for various samples with respect to contact angle and contact angle hysteresis. It 

is immediately apparent that there is no relation between the static CA and ice adhesion, however, 

there is a clear reduction in ice adhesion as the CAH value diminishes. 
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Figure 2.22: Ice adhesion for hydrophobic and superhydrophobic samples. Circles show samples 

which were spray-coated, whereas triangles are spin-coated samples. a) Shows that there is no 

correlation between CA and sheer stress, while b) shows a clear correlation between CAH and 

shear stress. Taken From [23].  

 

This work was expanded upon by Meuler et al.[70], who defined a “practical work of adhesion” 

based on the receding contact angle: 

 𝑊𝑝 = 𝛾𝑙𝑣(1 + cos 𝜃𝑟𝑒𝑐)  (2.8) 

where γlv is the specific energy of the liquid-vapor interface. Since the equation aims to quantify 

the behaviour of ice, γlv will be a constant, and the equation is controlled solely by θrec. Meuler et 

al. plotted their own results as well as many others seen in the literature, and good agreement 

with this practical work value was found. This data can be seen in Figure 2.23, and results appear 

to be consistent across the samples developed by all researchers.  
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Figure 2.23: Values for ice adhesion strength as a function of θrec for 33 different samples across 

three labs, where “our data” is the data measured by Meuler et al., R2 = 0.92. Taken from [70].  

 

This result should be considered when evaluating superhydrophobic surfaces for potential ice 

adhesion. If we take the theoretical example of two samples presented in Table 2.3, we can see that 

Sample 1 has a higher hysteresis, but also a higher receding contact angle than Sample 2. It is 

possible that the hysteresis value of samples 1 is actually being heightened by its superior water 

repellency (as this gives a higher θadv), and Sample 1 would indeed be the superior surface in terms 

of ice adhesion testing. This would be ignored if we account only for the CAH value. 

Table 2.3: Two theoretical superhydrophobic surfaces, showing the potential mis-alignment of 

CAH and θrec.  

Sample Contact Angle (°) θadv (°) θrec (°) Hysteresis (°) 

1 165 170 155 15 

2 152 155 147 8 
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With this said, it is not in fact true that any surface which is superhydrophobic will also be 

icephobic. This is clearly visible in Figure 2.19, where many superhydrophobic samples show an 

ice adhesion higher than 100 kPa, even while exhibiting Cassie-Baxter wetting (middle column of 

the superhydrophobic group). Nosonovsky and Hejazi [24] gave a reason for this, stating that the 

removal of ice from a Cassie-Baxter surface depended not only on the receding contact angle, but 

also on the sizes of the voids at the ice-surface interface. They derived a relation between the critical 

shear stress required for mode II ice fracture which is given by: 

 𝜏𝑦𝑦 = √
𝐸𝛾𝐼𝐴(1 + 𝑐𝑜𝑠𝜃𝑟𝑒𝑐)

𝜋𝑎
 (2.9) 

where E is the Young’s modulus of ice, γIA is the ice-air interfacial energy, θrec is the receding 

contact angle, and a is the crack length, which in this case is the ice-air portion of the composite 

interface. This means that the air pockets provided by the Cassie-Baxter wetting can themselves be 

taken as micro-cracks in the ice, and their size will be directly related to the shear stress required 

for ice removal. Thus, even a surface with a high receding contact angle can have a high ice 

adhesion strength if the micro-cracks at the surface are too small. For this reason, it is not enough 

to develop a superhydrophobic coating and to claim that it will now be icephobic, ice adhesion 

tests must be performed as well. 

The last group of materials seen in Figure 2.19 are “Lubricant Infused”. While these are highly 

interesting surfaces capable of giving very low ice adhesion, they will not be discussed in detail 

here. This is both to limit the length of what is already a quite long literature review, and because 

these coatings depend on a free-oil layer at the surface which, in the context of aerospace, can be 

very easily removed [19]. If the reader has an interest in these types of coatings, they are 

encouraged to read Wilson et al.’s 2013 paper “Inhibition of ice nucleation by slippery liquid-

infused porous surfaces (SLIPS)” [73], as well as Irajizad et al.’s “Magnetic slippery extremely 

icephobic surfaces” [25]. 

2.2.2 Ice accretion 

Ice accretion tests, whether by measuring a quantity of ice formed or by showing that ice is 

incapable of forming, are the second way in which icephobicity can be demonstrated. The 
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fundamental concept is borrowed directly from the superhydrophobicity phenomenon of bouncing 

droplets, with the hope being that surfaces are repellant enough to have droplets bounce off before 

they freeze, even in sub-zero conditions. This type of test has been mainly used in the case of 

superhydrophobic surfaces. In fact, it has been shown that for flat surfaces, there is no link between 

surface wettability and ice accretion at temperatures below -2 °C [74]. 

Mishchenko et al.[16] captured high-speed images of 15 µl droplets dropped from a height of 10 

cm onto sub-zero surfaces with varying wettability (Figure 2.24). When droplets impacted 

hydrophilic surfaces, they would immediately spread to a maximum radius and remain there until 

freezing. Droplets impacting hydrophobic surfaces would spread to a maximum radius, retract to a   

 

Figure 2.24: High-speed images of droplet impact at freezing temperatures for a) hydrophilic, b) 

hydrophobic, and c) superhydrophobic surfaces. Taken from [16].  

minimum radius, and then freeze in place. For each of these, droplets froze in a matter of seconds 

for substrate temperatures below -10 °C. In the case of superhydrophobic surfaces, droplets would 
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impact, spread to a maximum radius, and then bounce off before freezing. Droplet bouncing was 

seen for temperatures down to -25 °C, at which point droplets froze on the SHS as well. 

Testing the same principle, Sarshar et al. [75] tested a number of superhydrophobic and near-

superhydrophobic surfaces in an icing wind tunnel, exposing them to SWD. Tests were performed 

at a temperature of -7 °C, an airspeed of 12 m/s, and with a MVD of 60 µm. Results for each surface 

can be seen in Figure 2.25, where a clear increase in the time required to form a uniform layer of 

ice is seen with decreases in CAH. Also pictured is their most performant sample along with a bare 

substrate after 90 seconds of icing. The bare substrate is completely covered with rime ice, whereas 

the SHS shows minimal icing except around the edges. As icing in aerospace is due to flying 

through clouds of SWD, it is possible that a SHS could completely prevent a uniform layer of ice 

from forming if the time spent in the icing cloud is minimized. 

 

Figure 2.25: a) Time required for four superhydrophobic or near-superhydrophobic surfaces to 

form a uniform layer of ice. B) Sample St-SHC after 90 seconds of icing, compared to uncoated 

sample. Adapted from [75].  

2.2.3 Freezing delay 

A third method of measuring icephobicity is by measuring the time required for a droplet placed 

on the surface to freeze in sub-zero conditions [47][76]. This is related to ice accretion tests and is 

the easiest type of test to perform, as all it requires is a cold chamber and a camera (or simply a 

stopwatch if the researcher is patient). The goal of this test is to see whether or not a surface is able 

to delay nucleation of ice and while it is interesting, there are two main problems with trying to 

relate it to application. The first is that in the case of aerospace, supercooled water droplets will 
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freeze near instantly. So even if a coating is able to delay the time required to form ice from 20 

seconds on a bare substrate to 15 minutes on a coated surface, these values are not similar to the 

timescales which are important in this case. The second issue is that these tests assume laboratory 

conditions, and assume that the surface will be responsible for initiating heterogeneous nucleation. 

In application environments, any number of external factors such as dust in the air or a slight 

contamination of the surface could begin ice nucleation, and thus these tests are not always a good 

indicator of real-world performance [18]. 

Regardless, it is interesting to see how results align with other icephobicity tests. Nguyen et al.[47], 

whose nanopillars have been discussed in previous sections, performed freezing delay tests for 5 µl 

droplets on -20 °C surfaces. The results of these can be seen in Figure 2.26. It is apparent that 

freezing time increases as the areal fraction decreases, with a near-linear increase from the bare 

substrate to the 50 nm pillars, and a large increase for the smallest 30 nm pillar. 

 

Figure 2.26: Time required for a 5 µl droplet to freeze on nanopillars at -20 °C. Adapted from 

[47]. 

A wider range of samples were tested by Guo et al.[76] in a similar manner. Figure 2.27 shows the 

time to freeze for surfaces with hierarchical micro/nano surface features, nano-only features, micro-

only features, and a smooth surface. All were coated with heptadecafluorodecyltripropoxysilane 

(FAS-17) to render them hydrophobic. Droplet size is 7 µl, tests were performed at -10 °C, and 

light shining through the droplets allows easy identification of when ice has nucleated. The time-

to-freeze for the hierarchical surface is shown to be 4 times larger than that of the smooth surfaces. 

It may seem surprising that the micro-only surface freezes before the smooth surface, however, this 
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is because the micro-only surface puts the droplet in a Wenzel state, and thus the contact area is 

even greater than for the flat surface.  

 

Figure 2.27: Time to freeze a 7 µl water droplet on a -10 °C surface with micro- and nano-scale 

features (MN-), a surface with only nano-scale features (N-), only micro-scale features (M-), and 

a smooth surface (S). Taken from [76]. 

 

 

2.2.4 Durability of icephobic surfaces 

While superhydrophobic surfaces show promising results in every type of icephobicity test, their 

biggest barrier to usage is their durability. Their dependence on maintaining a nano-scale 

roughness, as well as the common reliance on a soft hydrophobic topcoat means that they can be 

damaged easily. For this reason, results for damaged SHS surfaces are also shown in Figure 2.19, 

which show a marked increase in ice adhesion.  
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The durability of icephobic surfaces is often tested by repeated icing/deicing cycles, where deicing 

consists either of the removal of ice through ice adhesion tests [77], or melting [78]. Degradation 

is reported either in terms of an increase of ice adhesion with progressive cycling [19], a decrease 

in wettability performance (that is, decrease in contact angle and increase in contact angle 

hysteresis) [77], or both [79].  

An example of degradation measured by an increase in ice adhesion can be seen in Figure 2.28. 

Mobarakeh et al. [80] created a superhydrophobic surface by depositing plasma-polymerized 

hexamethyldisiloxane (HMDSO) on anodized aluminium. Ice was formed on the surface in an 

icing wind tunnel and removed by the centrifuge ice adhesion measurement technique. The 

increases in ice adhesion are clear over 15 cycles but remain lower than that of untreated 

aluminium. SEM images in Figure 2.29 show the surface before and after cycling, and the change 

in morphology is clear. X-ray photoelectron spectroscopy (XPS) analysis measurements taken 

before and after cycling did not show any meaningful change in the surface chemistry. 

 

 

Figure 2.28: Ice adhesion on anodized aluminium with HMDSO coating, over 15 icing/deicing 

cycles. Taken from [80].  
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Figure 2.29: Anodized aluminium with HMDSO coating a) before and b) after 15 icing/deicing 

cycles. Taken from [80]. 

A similar set of experiments was performed by Wang et al. [78], this time with chemically etched 

aluminium rendered superhydrophobic by deposition of polyfluorodecyltriethoxysilane (PTES). 

Ice was formed on the surface via water in molds, and ice adhesion measurements were taken with 

a force transducer. In this case, degradation was tested for both deicing by ice removal and deicing 

by melting. It was shown that the ice removal method was much more damaging to the surface 

than melting, with ice adhesion increasing from 220 kPa on the first test to 340 kPa after 20 ice 

removal cycles, compared to a final adhesion strength of only 272 kPa after 40 ice melting cycles. 

These results can be seen in Figure 2.30.  

 

Figure 2.30: Comparison of changes in ice adhesion over a) 20 cycles deicing by forced ice 

removal b) 40 cycles deicing by melting. Adapted from [78].  



 

 

41 

Also measured in this case was the effect of cycling on wettability and surface roughness 

properties, which can be seen in Table 2.4. The surface is clearly superhydrophobic before cycling, 

with a CA above 160 ° and RoA below 1 °. After cycling, whether by forced ice removal or by 

melting, contact angles are still above 150 °. Roll-off angles, however, have increased dramatically. 

Also notable is a decrease in both average surface feature height, h, and average roughness Ra. This 

indicates a smoothing of the surface resulting from the icing/deicing cycles, the mechanism for 

which is schematically shown in Figure 2.31 

Table 2.4: Changes to CA, sliding angle, average height (h), average roughness (Ra) before and 

after multiple icing/deicing cycles. Adapted from [78]. 

 Sample Contact Angle (°) Roll-off Angle (°) h (µm) Ra (µm) 

0 cycles 164.4 ± 0.9 0.84 ± 0.19 4.575 1.250 

20 cycles forced removal 150.6 ± 0.3 51.4 ± 3.9 4.046 0.986 

40 cycles ice-melting 154.1 ± 0.4 44.3 ± 3.2 3.479 0.727 

 

 

Figure 2.31: Degradation mechanism of the etched aluminium surface. Nano-scale asperities are 

broken during icing/deicing cycling. Taken from [78].  



 

 

42 

Chen et al. [81] looked at the effect of microstructure on degradation of superhydrophobic surfaces 

during cycling. The surface of an aluminum alloy was patterned by photolithography and etching 

steps to create micro-scale roughness, and then dip-coated in a FAS-13/deionized water solution 

which also contained TiO2 nanoparticles, creating a hierarchically rough superhydrophobic 

surface. Cycling was performed by placing a 5 µl droplet on the surface and then cooling to -10 °C. 

When the droplet was frozen, it was removed by force. The difference in degradation between 

micro-posts (height of 6 – 15 µm, spacing of 23 – 30 µm) and closed-cell honeycomb structures 

(side-lengths 20 – 30 µm) can be seen in Figure 2.32.  

 

Figure 2.32: Contact angle and contact angle hysteresis over 20 icing/deicing cycles for 

micropillars (diamonds) and honeycomb cells (triangles).Taken from [81]. 

Clear degradation was seen for the micro-pillars, including a loss of their superhydrophobicity 

within 5 cycles, while the honeycomb structures remained superhydrophobic after 20 cycles. The 

reason given for this difference was that that the ice-removing force was transferred through the 

ice and applied directly to each individual pillar; because each pillar has no external support, they 

were easily destroyed. In the case of the closed-cell honeycomb structures, the force was spread 

across the entire network, decreasing the load on any given microstructure. Because of this the 

authors claim that the degradation is due to a change in morphology, though no chemical 

investigation into the removal of the hydrophobic coating is performed. 
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Finally, a second study on HMDSO-coated anodized aluminum was performed by Mobarakeh et 

al.[82], this time with the HMDSO deposition time increased from 15 to 25 minutes (no thickness 

is given in either case). The effect of cycling on both the ice adhesion and surface wettability can 

be seen in Figure 2.34. The durability of the samples is notably improved over what was seen in 

Figure 2.28.  

 

 

 

 

 

 

Figure 2.33: Degradation of surface via a) shear stress (ice adhesion) and b) contact angle and 

hysteresis measurements after 15 icing/deicing cycles. Adapted from [82].  

 

 

Figure 2.34: HMDSO-coated anodized aluminium a) before and b) after 15 icing/deicing cycles. 

Taken from [82].   

SEM images before and after cycling can be seen in Figure 2.34. These results are very different 

from what had previously been seen, with a similar morphology present in both cases. The authors 

suggest that the thicker coating has protected the morphology, and any changes seen are expected 

to be chemical. This is supported by XPS measurements performed before and after cycling, which 

can be found in Table 2.5. It can be seen that carbon and silicon contents decrease, while oxygen 

and aluminum increase. The increase in aluminum indicates some removal of the coating, while 

a) b) 
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the decrease in carbon and increase in oxygen are most likely responsible for the changes in 

wettability. Specifically mentioned is a decrease in the methyl groups, with (CH3)x-Si-O content 

decreasing from 25 at. % before cycling to 12 at. % after.  

Table 2.5: XPS measurements of elemental composition of the surface before and after cycling. 

Adapted from [82].

 Sample C Si O Al 

Before 42 20 34 4 

After 26 11 43 20 

2.3 HMDSO and DLC:SiOx coatings 

Hexamethyldisiloxane (HMDSO) is a liquid organosilicon compound. It is centered by an oxygen 

atom which is bonded to two silicon atoms, and these are in turn bonded to three methyl groups 

each. Its structure can be seen in Figure 2.35. It can be polymerized in plasma, and has been used 

in applications ranging from optics to food packaging [83]. Of specific interest in this work is the 

fact that its abundance of methyl groups mean that the polymerized films can be highly 

hydrophobic [84]. Plasma polymerization of HMDSO can be performed both at atmosphere [85], 

as well as in low-pressure vacuum systems [86][87]. 

 

Figure 2.35 : Ball and stick model of hexamethyldisiloxane molecule. Taken from [88]. 
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A particular area of interest is exactly how hydrophobic the deposited films can be, and how they 

perform when used as hydrophobic top layers for superhydrophobic and icephobic surfaces. 

Because the hydrophobicity of  a plasma-polymerized HMDSO (PP-HMDSO) film is dependent 

on methyl groups forming at the surface [83], we can predict a maximum possible contact angle of 

111°.  

In work done by Zanini et al. [87], a maximum observed contact angle of 104 ° was seen for PP-

HMDSO films. It was also shown that the contact angle of PP-HMDSO decreases along with the 

SiCH3/CHx ratio in the films, and that this ratio decreases as power input is increased (Figure 2.36). 

Also visible in Figure 2.36 is a decrease in CA with increase in deposition time, however, this is 

due to a limitation of the experiment. HMDSO vapor was allowed to flow into the chamber via a 

micrometer valve until a pressure of 1 mbar was reached, at which point the valve was closed, and 

no further flow occurred. It has been shown in other works where this flow was not restricted that 

deposition time did not have a large influence on contact angle [83][84], and thus it is likely that 

the decrease seen in Figure 2.36 is due to effects other than the continued polymerization of the 

HMDSO vapor.  

 

Figure 2.36: Contact angle and chemical ratios (via FT-IR) for plasma-polymerized HMDSO. 

Taken from [87].  
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Further work from the same group explored the growth mechanisms of PP-HMDSO on flat and 

etched silicon. Films were shown to grow via islands, and preferential nucleation around surface 

features was noted [83]. This can be seen in Figure 2.37, where we can also observe the formation 

of “globs” along surface features when coated, which has the effect of exaggerating their size and 

decreasing any sharpness. An increase in power was again linked to a decrease in methyl groups 

and thus, hydrophobicity; this same effect also occurred when adding oxygen to the flow.  

 

Figure 2.37: AFM images of etched silicon a) before and b) after 50nm coating with PP-

HMDSO. Preferential nucleation at the sites of surface features creates “globs” which smooth the 

surface. Taken from [83].  

With the hydrophobic potential of PP-HMDSO established, it is not a stretch to imagine its 

application being pushed to superhydrophobic and even icephobic surfaces, which is exactly what 

has been done by researchers at Université de Québec à Chicoutimi over the last number of years. 

Focusing on anodized aluminum substrates, they were able to first confirm contact angles above 

150 ° when coating with HMDSO, though the minimum contact angle hysteresis achieved was 40 ° 

[86]. It was again shown that an increase in power resulted in a decrease of the SiCH3/CHx ratio, 

which in turn reduced the hydrophobicity of films. Offered as an explanation for this was the fact 

that increased power also lead to a greater breakdown of the HMDSO molecules, potentially 

causing dissociation of the methyl groups. 

Optimization of both the anodization and film deposition conditions allowed for the obtention of 

truly superhydrophobic surfaces, with CA up to 158° and a roll-off angle of 8°. These samples 

were then tested for icephobicity, and were shown to reduce the ice adhesion of aluminum from 

a) b) 
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350 ± 25 kPa to 100 ± 9 kPa [80]. By increasing the deposition time from 15 to 25 minutes (no 

corresponding thicknesses are given), Mobarakeh et al. obtained an increase in CA to 162 ± 3°, 

with a corresponding decrease in sliding angle and ice adhesion to 3 ° and 83 ± 5 kPa, respectively 

[82]. The results of icing/deicing cycles for these samples has already been presented in section 

2.2.4, however these final samples also showed promising results in resistance to UV degradation, 

lengthy water submersion, and corrosion. 

While HMDSO allows for the deposition of highly hydrophobic films, and a clear improvement in 

these films has been made over time, its soft polymeric nature means that durability is always a 

concern. Indeed, hardness values are not even considered, let alone reported, in the literature for 

HMDSO-only films. In order to improve the mechanical properties of hydrophobic coatings, we 

can look at a mechanically robust coating which is easily deposited by PECVD: diamond-like 

carbon (DLC). 

Diamond-like carbon is an amorphous carbon material which exhibits some properties similar to 

diamond – it has a high hardness, high elastic modulus, and is chemically inert – while having no 

grain boundaries and being cheaper to produce [89]. Because of this it is widely used in industry, 

from automotive components to biomedical applications [90]. DLC is often deposited from 

methane [91] or acetylene [92] sources, with acetylene giving a higher deposition rate due to its 

equal number of carbon and hydrogen atoms. 

Different types of amorphous carbon can be developed based on their percentage of sp2 and sp3 

carbon bonds, as well as their hydrogen content. The relationships between these can be seen in 

Figure 2.38. When hydrogen is present, it is not chemically bonded to the carbon atoms, but rather 

trapped inside of the network [90]. Mentions of DLC in this work will be in reference to 

hydrogenated amorphous carbon (a-C:H), which is comprised of 40-60% sp3 bonds, 30-50 % 

hydrogen [89], and has a hardness in the range of 15 – 40 GPa [90]. A comparison of the hardness 

to other commonly deposited materials can be found in Figure 2.39.  
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Figure 2.38: The types of DLC which can be deposited depending on the content of sp2 carbon 

bonds, sp3 carbon bonds, and hydrogen. Taken from [89].  

 

 

Figure 2.39: Microhardness for commonly deposited materials, with a-C:H highlighted. 

Depending on deposition conditions, a-C:H may be soft or hard, but will not be superhard. Taken 

from [90].   
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DLC on its own is hydrophilic with a contact angle of ~60° [91], and contact angle decreases further 

with increase in electrode bias voltage [27][93]. Increasing bias has been shown to reduce both the 

sp2/sp3 bond ratio, and the hydrogen content of films [94]. It has been shown that a decrease in 

hydrogen increases the film hardness but decreases the contact angle [91], and that the ratio of 

sp2/sp3 bonds is directly related to contact angle as well [95]. In the latter case, the most extreme 

example of this is the ~35° contact angle for diamond, which is 100% sp3 bonds, vs the ~77° contact 

angle for graphite, which is entirely sp2 bonds. Finally, when considering DLC as a coating for any 

feature-rich surface, it should be noted that it has a smoothing effect due to its amorphous nature 

[96]. 

In an effort to develop hydrophobic coatings which exhibited many of the most desirable properties 

of DLC, researchers began doping DLC with HMDSO, or other similar compounds which 

incorporated silicon and oxygen into the DLC network while maintaining methyl groups which 

provide hydrophobicity. This became popular in the late 90’s as an alternative to fluorine-

containing DLCs, offering greater chemical stability as well as reducing dependence on 

environmentally harmful fluorocarbons [97]. The incorporation of SiOx into DLC also has the 

advantage of reducing film stress [98]. 

One of the biggest challenges is that like both DLC and HMDSO on their own, the contact angle 

of DLC:SiOx films decrease with bias [99], whereas hardness increases with bias [100]. Given that 

the addition of silicon and oxygen leads to a decrease in film hardness compared to “pure” DLC 

[98], this inverse proportionality means that there is a very real limit to how hard coatings can be 

if hydrophobicity is desired.  In general, hydrophobic DLC:SiOx coatings can be expected to have 

a hardness of 7 – 10 GPa, with a maximum contact angle of  100° [97]. If the need for 

hydrophobicity is removed, then DLC:SiOx coatings have been developed with hardness up to 23 

GPa [101].  

Many authors speculate as to what effect the silicon and oxygen content in DLC:SiOx films has on 

wettability, however, there is no true consensus on this matter [102].  This can be clearly seen in 

Figure 2.40, which shows that deposition techniques seem to play a larger role in the contact angles 

of the deposited films than the content of either element. That being said, when restricted to a given 

deposition technique, certain trends do emerge. In the case of capacitively coupled PECVD (black-

filled shapes in Figure 2.40), the contact angle is 90° at a 0.0 O/Si ratio, appears to hit a maximum 
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of 100° at a ~0.8 O/Si ratio, and then drops steadily with an increase in oxygen. In the case of ion 

beam depositions (unfilled shapes in Figure 2.40), we see an opposite effect, with contact angles 

increasing with oxygen levels, though this could just be noise given the small range of both the 

concentration ratio and contact angle values. For high-frequency PECVD (grey-filled shapes in 

Figure 2.40), we have a single value of a 74° CA at a 0.5 O/Si ratio, which does not correspond 

with the other measurements in any way. Also notable is the fact that these last two techniques 

never achieve hydrophobic surfaces, and even for capacitively coupled PECVD, there appears to 

be only a small window of O/Si ratios where hydrophobicity will be achieved. 

 

Figure 2.40: Contact angle as a function of O/Si atomic concentration ratio. Black-filled shapes 

are deposited by capacitively coupled PECVD, grey-filled shapes by high-frequency PECVD, 

and unfilled shapes by closed drift ion beam. Different shapes indicate that the data comes from 

different sources. Adapted from [102].  

It has been shown then that DLC:SiOx films, especially when deposited by capacitively coupled 

PECVD, can be highly hydrophobic and also exhibit a relatively high hardness. While HMDSO 

has been used for icephobic coatings and DLC:SiOx has been shown to give superhydrophobic 
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surfaces when coating hierarchical patterns [99], there have been no reports in the literature on the 

usage of  DLC:SiOx for icephobic coatings. This leaves an opening for interesting work in testing 

the durability of DLC:SiOx-based coatings when used for icephobic applications. 

2.4 Fabrication methods 

The final section of this literature review will give a brief introduction into the fabrication methods 

used to develop the thin-on-thick coating system presented in this thesis. The thin layer is deposited 

by plasma-enhanced chemical vapor deposition (PECVD), while the thick layer is deposited by 

thermal spraying, specifically suspension plasma spray. In each case, the basic physical principles 

of the technique will be presented. In the case of thermal spraying, recent applications of the 

technology in the context of superhydrophobicity and icephobicity will be reviewed. This will be 

omitted for PECVD, as its use in the deposition of HMDSO and DLC:SiOx coatings for icephobic 

and other applications have been discussed at length in the previous section. 

2.4.1 Plasma-enhanced chemical vapor deposition 

PECVD is a deposition technique similar to traditional chemical vapor deposition (CVD), which 

differentiates itself by using plasma rather than thermal energy to activate reactant gases and 

deposit a film [103]. This allows films to be deposited at much lower temperatures, which in turn 

allows deposition on a wider range of substrates. It is sometimes called plasma assisted chemical 

vapor deposition, or simply plasma chemical vapor deposition.  

A basic PECVD deposition takes place as follows: substrates are placed in a vacuum chamber, 

which is pumped down to high vacuum (~10-6 Torr). Reactant gases are then introduced into the 

vacuum chamber at controlled flow rates, and with a controlled total chamber pressure. An RF 

generator is connected to an electrode inside of the chamber, and a negative bias voltage, VB, is 

applied at 13.56 MHz. This is the biased electrode; a grounded electrode may also be present, or 

the vacuum chamber itself may function as the grounded electrode for capacitive coupling. The 

effect of applying the bias is two-fold: the electrode becomes negatively charged, and the negative 

pulses knock electrons off the atoms or molecules, causing them to become ionized and creating 

the plasma. These ionized molecules bond with the substrate; depending on the molecule/substrate 

combination, the molecule may decompose leaving one species on the surface while another is 

extracted from the chamber by the vacuum system [89]. This process is shown in Figure 2.41. 
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Growth rate and film density can be improved by having the biased electrode function as the sample 

holder, which causes the ionized molecules to be attracted to the samples themselves in the case of 

electrically conductive substrates. 

PECVD can be used to deposit organic (diamond-like carbon, diamond, plasma polymers) and 

inorganic (oxides, nitrides, carbides) films, and can be used to coat complex shapes [90]. Because 

of its versatility, it has been used in a wide range of applications, from protective coatings to 

transistors to optical filters. 

 

Figure 2.41: Schematic of a simple PECVD deposition. Positively charged particles are present in 

the plasma. These particles then adsorb to the surface, desorption of some species may occur, and 

gaseous by-products are extracted by the vacuum system. 

2.4.2 Thermal Spray 

The term “Thermal Spray” covers a wide range of spray deposition techniques in which particles 

are accelerated towards a surface, and splat on the surface upon meeting it, with successive layers 

of splats creating a coating. The principle steps of thermal spray deposition can be seen in Figure 

2.42, and will be explained using the specific case of plasma spraying. The substrate surface is first 

prepared, often by sandblasting, to improve film adhesion. Deposition begins with the generation 

of a plasma from a plasma torch. Feedstock is then introduced into the plasma. The feedstock is 

the material which will be used as the coating, unless it is to be changed in some way through 

interaction with the plasma, in which case the resultant material will be deposited. The plasma 

interacts with the feedstock particles, heating and accelerating them. Finally, the particles splat on 
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the surface and solidify, creating the coating [103]. Depending on the feedstock and the energetic 

gas flow, other interactions aside from heating may occur. 

 

Figure 2.42: The steps of thermal spray deposition. Taken From [103]. 

While thermal spraying has long been used in applications such as thermal barrier and wear-

resistant coatings [45], There have recently been a number of publications showcasing its use in 

the development of superhydrophobic and icephobic surfaces. Sharifi et al. [56] showed that 

hierarchically rough TiO2 surfaces could be deposited through suspension plasma spray, a type of 

thermal spray in which the material to be deposited is dispersed in a liquid suspension, and this 

suspension is fed into a plasma jet for deposition. When coated with hydrophobic stearic acid, these 

were shown to be superhydrophobic. 

Similarly, Liu et al. [44] deposited MCrAlY (M = Ni, Co) by thermal spray on aluminum alloy 

substrates.  These surfaces showed hierarchical roughness and became superhydrophobic when 

coated with a low surface energy material. An SEM image of this surface Figure 2.43. Ice adhesion 

tests of these samples consistently gave results below 100 kPa. 
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Figure 2.43: SEM image of thermal sprayed MCrAlY, coated with a low surface energy material. 

Inset shows the contact angle of this surface. Taken from [44].  

Lastly, icephobic coatings have also been sprayed from polymers, with Koivuluoto et al. [63] 

spraying polyethylene coatings onto stainless steel. As opposed to the others mentioned, these are 

flat coatings which were further polished to reduce surface roughness. Ice adhesion for these 

coatings was shown to be below 60 kPa, however, the ice detachment mechanism was not discussed 

by the authors.  
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CHAPTER 3 METHODOLOGY 

This chapter will present the methodologies used throughout this thesis, beginning with coating 

deposition, followed by physical characterization of the deposited coatings, and ending with 

durability tests performed on the full thin-on-thick coating system. In the case of sample 

characterization equipment, a brief explanation of the system’s functionality will be provided, 

along with the specifics of the system itself, and the parameters used. 

3.1 Coating deposition 

3.1.1 Plasma-enhanced chemical vapor deposition 

The films developed in this work were deposited in an RF plasma using a system schematically 

shown in Figure 3.1. It consisted of a stainless steel vacuum chamber, 30 cm in diameter, a pumping 

system with turbomolecular (Varian V 300 ICE) and mechanical (Varian CP 451) pumps equipped 

for corrosive gases, a gas distribution system, and an RF power supply unit. The chamber pressure 

was measured by an MKS capacitance gauge and the pumping speed was regulated by a throttling 

valve (Vacuum General MDV 040). The flow of gases, namely SiH4, N2, C2H2, and Ar was 

controlled by an MKS mass flow controller in each line, and gas flows were monitored by computer 

using LabVIEW software. The flow of HMDSO vapor was controlled by a micrometer valve 

placed in line between the chamber and a glass beaker containing liquid HMDSO. RF power was 

supplied from an Advanced Energy RFX II 3000 (13.56 MHz) generator through a matching unit 

(Advanced Energy, ATX 800) that was connected to a substrate holder-electrode 15 cm in 

diameter. A second, grounded electrode 10 cm in diameter was mounted in parallel above the 

biased electrode. Applying RF power to the substrate holder in a capacitively coupled discharge 

leads to the formation of a self-induced DC negative bias voltage, VB. The value of VB allows one 

to control the energy of the bombarding ions, as this is proportional to the difference between the 

plasma potential and VB. Measurement of VB was performed by a voltmeter incorporated in the 

controller of the matching unit. PECVD in glow discharges is usually performed at low pressures, 

in the range from 10-4 Torr to several Torr (1.33 × 10-3 to about 500 Pa). Under these conditions, 

the density of electrons (or ions, plasma density, ne) is typically between 1 × 109 and 1 × 1011 cm-3. 
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Figure 3.1: Schematic of the PECVD deposition system. 

 

Three different types of films were deposited by PECVD: SiNx, plasma-polymerized 

hexamethyldisiloxane (pp-HMDSO), and silicon-and-oxygen-containing diamond-like carbon 

(DLC:SiOx). SiNx was deposited using 20 sccm Ar, 25 sccm N2, and 10 sccm SiH4, at a working 

pressure of 50 mTorr and with a VB of -400 V. Deposition of pp-HMDSO films was performed 

with VB ranging from -25 V to -250 V, working pressures from 100 to 200 mTorr, and HMDSO 

partial pressures from 0.5 to 2.5 mTorr. The HMDSO flow in this work is reported as a partial 

pressure only, as no mass flow controller was connected to its line. This partial pressure is measured 

by the same MKS capacitance gauge which measures the chamber pressure. Depositions were 

performed on both the ground and biased electrodes, which can be seen in Figure 3.2. DLC:SiOx 

films were deposited using 0 to 50 sccm Ar, HMDSO partial pressures of 0.8 to 3.7 mTorr, VB 

values of -100 to -1000 V, and working pressures of 25 to 100 mTorr. The 3.7mTorr HMDSO 

partial pressure corresponds to the micrometer valve being fully opened and is the highest value 

obtainable in our system. 



 

 

57 

 

Figure 3.2: PECVD chamber, showing both the biased (bottom) and grounded (top) electrodes. 

3.1.2 Suspension-plasma-spray 

The “thick” coatings used in this work are suspension plasma spray (SPS) TiO2 coatings developed 

by Navid Sharifi, Cristian Moreau, Ali Dolatabadi, and Martin Pugh of Concordia University, and 

were provided to us as part of the Phobic2Ice research project. What follows is a brief description 

of coating fabrication; the full details on the initial development [56] and optimization [45] of these 

coatings can be found in the literature. 

TiO2 coatings are deposited by SPS, using a sub-micron titanium dioxide powder mixed at 10 wt.% 

in an ethanol-based suspension. The substrate is first grit blasted with 180 grit alumina particles to 

increase its roughness and to create growth sites for larger surface features during the TiO2 

deposition. The plasma power during deposition is 36 kW. The selection of plasma power, 

suspension composition, suspension solid content, and plasma gas velocity have been shown to be 

critical in obtaining the desired morphology, while the roughness after grit-blasting plays a lesser 

role [45].  
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3.1.3 Other depositions 

The HMDSO and DLC:SiOx coatings developed in this work were compared to other films 

deposited by thermal evaporation and dip-coating. The thermally evaporated coating was a 

commercially available fluoropolymer, Optron OF110. Deposition was performed in a BOXER 

vacuum coating system from Leybold optics. One “capsule” of Optron OF 110 consists of metal 

fibers coated with the fluoropolymer in a copper crucible. The capsule is placed on a heating 

element, which has a 3.0 A current run through it. This causes the fluoropolymer to evaporate, and 

it is deposited on whatever surface it encounters. Thickness is measured by a quartz crystal 

microbalance, and each capsule produces a coating ~7 nm thick.  

Dip-coating was used to coat samples with stearic acid. A stearic acid solution was prepared by 

mixing 0.5 wt.% stearic acid into 1-propanol. Samples were then dipped into the solution and left 

at room temperature to dry.  

3.2 Physical Characterization 

3.2.1 Optical interferometry and roughness calculations 

Optical interferometry is a method used to quickly obtain the profile of a surface. A schematic of 

an optical interferometer can be found in Figure 3.3. The functionality of the system begins with a 

light source, and from here a beam splitter is used to direct the light toward an objective lens. A 

lower beam splitter is present in the lens of the objective, and this directs the light towards the 

sample surface as well as a reference mirror. Upon reflecting from the surface and the reference 

mirror, the beams of light recombine and are sent to a digital image sensor. When the distance 

between the reference mirror and the surface is nearly identical, interference is observed due to a 

change in intensity of the recombined light[104]. 

The objective performs a sweep in the z-direction, and at every height, interference is seen or not 

seen for each pixel of the digital image sensor. The highest point at which interference is observed 

for a given pixel is recorded in software, and the map of these points gives the profile of the surface 

[105]. 
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Figure 3.3: Schematic of an optical interferometer. Taken from [105]. 

 

Measurements in this work were performed using a Bruker ContourGT-K optical interferometer, 

at magnifications of 5x and 20x, and at least 4 measurements were taken for all samples. Surface 

profiles were analyzed in the Bruker’s Vision64 software, as well as using the open-source software 

Gwyddion [106], in order to measure the heights of surface features as well as to determine the 

roughness properties of the surfaces. 

Roughness parameters are defined in relation to a mean height line (or plane in two dimensions) 

which intersects the surface profile at the mean height. This line is taken to have a value of z = 0, 

while points below it have negative values, and points above it have positive values. To distinguish 

the average roughness of a scanned three-dimensional surface from that granted by a single line-

scan, we use the parameter label Sa rather than the more traditional Ra [107]. Sa is calculated from 

the following equation: 
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 𝑆𝑎 =  
1

𝐴
∬ |𝑧(𝑥, 𝑦)|

𝐴

𝑑𝑥𝑑𝑦 (3.1) 

where A is the sample area. Similarly, the root mean square (RMS) height of a surface can be 

calculated by: 

 𝑆𝑞 =  √
1

𝐴
∬ 𝑧2

𝐴

(𝑥, 𝑦)𝑑𝑥𝑑𝑦 (3.2) 

The limitation of average feature height measurements is that they are based entirely differences 

between asperity heights and the mean height line, but they do not give us any information about 

the shapes of the asperities. To address this, we can look at the skewness and kurtosis of a sample.  

The skewness of a sample is a measure of symmetry with respect to the mean height line, and it is 

obtained by dividing the mean of the cube of the height values by the RMS Roughness cubed: 

 𝑆𝑠𝑘 =  
1

𝑆𝑞
3

1

𝐴
∬ 𝑧3(𝑥, 𝑦)

𝐴

𝑑𝑥𝑑𝑦 (3.3) 

A skewness value of Ssk = 0 corresponds to a surface with a Gaussian height distribution, while a 

positive value corresponds to a majority of the material being below the mean line (resulting in 

large peaks), and a negative skew corresponds to most of the material being above the mean line 

(resulting in large valleys) [108]. This difference is illustrated in Figure 3.4. 

 

Figure 3.4: Profiles associated with negative and positive skewness. 

The kurtosis of a sample represents the sharpness of the surface features and their distribution. It 

is obtained by dividing the mean of the fourth power of the height values by the RMS Roughness 

set to the fourth power: 
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 𝑆𝑘𝑢 =  
1

𝑆𝑞
4

1

𝐴
∬ 𝑧4(𝑥, 𝑦)

𝐴

𝑑𝑥𝑑𝑦 (3.4) 

A kurtosis value of 3 corresponds to a Gaussian height distribution along the surface, while a value 

Sku > 3 indicates a spiky surface and a value 0 < Sku < 3 indicates a flatter surface. Examples of 

these are indicated in Figure 3.5 

 

 

Figure 3.5: Profiles associated with kurtosis values less than and greater than 3. 

3.2.2 Mechanical profilometry 

Mechanical profilometry is performed by dragging a stylus across a surface and measuring the 

changes in height as it traverses the surface features. The stylus approaches the surface, and is 

placed upon it with a set force, which is too low to damage the sample, but high enough to ensure 

that constant contact between the stylus and the surface is maintained. The sample is moved by a 

stage, while the stylus is kept fixed in the x- and y-planes.  

In this work mechanical profilometry was used to determine film thickness. A step was first created 

on the surface by placing Kapton tape on the substrate before film deposition, and removing it after 

the film was deposited. This was performed for both single films as well as multi-film stacks. The 

step height was then measured using a Bruker DektakXT mechanical profilometer, with a stylus 

force of 5 mg and a typical scanning speed of 200 µm/second. 

3.2.3 Scanning electron microscopy 

Scanning electron microscopy is a microscopy technique which allows for high-magnification 

imaging of a variety of conductive materials. Measurements are performed in a vacuum chamber, 

where a focused electron beam scans the surface in a raster pattern. Inelastic collisions with the 
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electron beam cause the excitation of electrons at or a few nanometers below the surface, and these 

secondary electrons are emitted. The secondary electrons are detected upon leaving the surface, 

with the detected values corresponding to a beam location during the scan. From this information, 

topographical imaging of the surface can be performed. This allows for much higher resolution 

imaging than optical microscopy, which is limited by diffraction. 

The SEM used in this word was a JEOL JSM-7600F, using a voltage of 5.0 kV and a working 

distance of approximately 12 mm. In these conditions, a magnification of 5000x is easily reached, 

at which point sub-micron surface features can be clearly discerned.  

3.2.4 Water contact angle measurements 

The contact angle measurements presented in this study were performed on two different systems. 

The first was an Attension Theta optical tensiometer from Biolin scientific, located at Université 

de Montréal. This system features an automated droplet dispensing system allowing the user to 

define droplet volume, as well as a tilting cradle. It features a built-in camera, and the Attension 

software calculated the contact angle using the Young-Laplace method, which improves accuracy 

by accounting for the drop’s distorted shape due the weight of the liquid [86]. Static contact angle 

measurements were performed using a 5 µl droplet of distilled water. Contact angle hysteresis 

measurements were performed using the tilting method described in Chapter 2, with a 10 µl droplet. 

The second system used was a home-made system at Concordia University. Here droplet size was 

controlled by a Ramé-Hart Auto Dispensing System 100-22 set to produce 10 µl droplets, and 

images were captured using a Nikon D90 camera with a macro lens. Contact angle hysteresis 

measurements were performed using the droplet inflating/deflating method, inflating a droplet 

from 0 µl to 10 µl, and then deflating back to 0 µl. In each case, images were analyzed using the 

Dropsnake plugin for ImageJ [109]. 

The two systems were tested for consistency, and measurements were found to be within 

uncertainty of each other. A minimum of three measurements were performed for all tests. 

3.2.5 Nanoindentation 

To characterize the mechanical properties of the studied coatings, a nanoindentation system 

(Hysitron TriboIndenter) was used. To perform indentation tests, a load is placed on a diamond 
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Berkovich indentation tip, which indents the sample being tested. Displacement of the tip is 

recorded as the load progressively increases to a pre-defined maximum. The load is then removed, 

with tip displacement continuing to be recorded. From this data, a load-displacement curve is 

obtained (Figure 3.6). Analysis of the load-displacements curves using the methodology laid out 

by Oliver & Pharr [110] allows for the determination of hardness (H) and Young’s Modulus (E) of 

the tested coating. 50 indentations were performed for each sample, with loads ranging from 0.1 to 

9.0 mN. To avoid influence of the substrate, a minimum film thickness of 200 nm was used for 

films tested by nanoindentation. 

 

Figure 3.6 Load-displacement curve. Taken from [110].  

3.2.6 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) measurements were used to determine the chemical 

composition of our samples before and after cycling in an icing wind tunnel. XPS measurements 

are performed in ultra-high vacuum (~10-9 Torr), where a sample is irradiated with X-rays. 

Photoelectrons are emitted from the surface with a kinetic energy related to the type of X-ray used 

and the binding energy (BE) of the electron prior to irradiation. Photoelectrons are captured, and 

the number of electrons detected are determined for each BE value. From this, the concentration 

of different elements can be determined. Using a high-resolution scan, individual compounds can 
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be identified. The system used was a VG Scientific ESCALAB 3 MKII, and both survey and high-

resolution scans were performed. The measurement depth is <10 nm from the sample surface. 

3.3 Icephobicity & Durability tests 

3.3.1 Icing/Deicing cycles 

Icing/deicing durability tests were performed in a small-scale icing wind tunnel at Concordia 

University’s Multiphase Flow Laboratory, shown in Figure 3.7. An icing wind tunnel is a wind 

tunnel which has been equipped with a cooling section, as well as an atomizing nozzle that allows 

a spray of microscale water droplets to be sent towards a test section. This effectively creates an 

icing cloud inside of the wind tunnel and is highly advantageous compared to other icing techniques 

seen in the literature, as it allows for the recreation of the icing mechanism seen in real flights. The 

median volume diameter (MVD) is determined by the nozzle itself, and the liquid water content 

can be controlled by changing the water and air flow into the nozzle. Temperature is measured by 

thermocouples in the test section, as well as downwind from it. 

 

Figure 3.7: The icing wind tunnel at Concordia University. Inlay shows the nozzle. Adapted from 

[111]. 
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Durability testing was performed over several icing/deicing cycles. The icing conditions can be 

seen in Table 3.1 and one cycle was defined follows: 

1. Sample is iced for 1 minute. 

2. Sample is removed from the icing wind tunnel. 

3. Ice is melted with a heat gun. 

4. Sample is dried under a flow of compressed air. 

5. Repeat. 

Samples were tested three at a time, and their positions on the sample holder were rotated to account 

for non-uniformity of the flow in the test section. Contact angle and contact angle hysteresis were 

measured every 20 cycles, or every 5 cycles for low-durability surfaces. When a single droplet 

remained pinned to the surface after a hysteresis measurement, this was defined as a partial coating 

failure, and when all droplets were pinned, this constituted a complete coating failure. Hysteresis 

measurements were stopped if all droplets were pinned to the surface. 

Table 3.1: Icing conditions for icing/deicing cycling. 

 

3.3.2 Ice adhesion 

Ice adhesion tests were performed in a small-scale wind tunnel at Airbus Defence & Space. 

Samples were prepared for ice adhesion tests by depositing the desired coating on a 125 mm × 

13 mm × 1.6 mm stainless steel cantilever. A sample first has a strain gauge mounted to its rear 

side, and then is then in placed inside the IWT test section with the coated surface perpendicular 

to the oncoming flow. The sample holder is outside the test section and mounted to an 

electromagnetic shaker mechanically fixed to the outside of the test section.  

Ice is then accreted on the sample surface, until reaching a thickness of ~10 mm, after which the 

IWT’s cooling system and fan are shut down. The electromagnetic shaker then begins its linear 

Ice type Temperature (°C) Airspeed (m/s) LWC (g/m3) MVD (µm) 

Glaze -10 43 0.5 30 
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motion at 40 Hz, which moves the fixed end of the cantilever. Acceleration of the shaker is 

increased until a target value is reached, at which point the frequency of vibration is swept from 40 

to 90 Hz.  As the system approaches its first natural frequency, the maximum displacement of the 

free end of the beam increases.  Once the beam deflection is large enough, a crack forms at the 

surface-ice interface, near the fixed end of the cantilever. This crack propagates along the interface 

with every oscillation until full or partial ice detachment is seen. 

The moment of the first interfacial crack appears in the strain gauge data as a noticeable jump in 

both positive and negative strain values, and the average of 5 strain local maxima and minima is 

used as the strain at failure. That strain value is then used as an input into a model based on the 

Euler-Bernoulli beam theory, and results in a value for interfacial shear stress. This test was 

performed with rime, mixed/rime, mixed/glaze, and glaze ice.  

3.3.3 Rain erosion 

Rain erosion tests were performed by using a pulsating jet erosion test (PJET) rig at Airbus Defence 

& Space. The principle of a PJET system can be seen in Figure 3.8. A focused water jet is shot out 

of a nozzle until it reaches a rotating disk with two sections cut out of it. This has the effect of 

cutting the water jet into smaller segments, which then impact the sample being tested. An 

increasing number of impacts is performed to see how the sample degrades.  

Tests were performed at water jet segment velocities of 165 – 225 m/s, and 20 - 6000 impacts were 

performed at each velocity. The test pattern used for the droplet impacts can be seen in Figure 3.8. 

After the rain erosion tests were performed, samples were suspended from a support, and a beaker 

of deionized water was raised to the sample until it was submerged. The beaker was then removed 

from the sample, and a picture was taken. For each velocity, the number of impacts at which any 

amount of water stuck to the surfaces was recorded, and this value was taken as the number of 

impacts required for a change in surface wettability. 
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Figure 3.8: a) Focused water jet cut into segments by rotating disk. b) pattern used for number of 

impacts. Adapted from [112]. 

 

 

 

a) 

b) 
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CHAPTER 4 DEVELOPMENT AND TESTING OF DURABLE 

ICEPHOBIC COATINGS 

This chapter presents the thin-on-thick coating systems developed, and the results of their testing 

for icephobicity and durability. It begins with a discussion of plasma-polymerized HMDSO, 

deposited on flat surfaces with the goal of obtaining the highest contact angles possible. It then 

moves into the combination of HMDSO with DLC films, in order to obtain hard and hydrophobic 

DLC:SiOx films. The challenges of optimizing these films as well as their down-selection for 

application will be discussed.  We then look at the development of a thin-on-thick coating system 

by depositing the DLC:SiOx films on hierarchically rough SPS TiO2 coatings provided by 

researchers at Concordia University, and the optimizations which took place to achieve robust 

superhydrophobic surfaces. Finally, the results of ice adhesion tests to confirm the icephobicity of 

the samples, as well as durability tests via rain erosion and repeated icing/deicing cycles, are 

presented and discussed. 

4.1 Plasma-polymerized HMDSO 

We began our development of icephobic coatings by looking at plasma-polymerized 

hexamethyldisiloxane (PP-HMDSO). Films were deposited on glass microscope slides, on both a 

biased and grounded electrode in a PECVD system. During the depositions, chamber pressure, 

substrate bias, and HMDSO flow were modified in order to see their effect on the contact angle, 

deposition rate, and hardness of the films. Of these, the contact angle was deemed to be the most 

important parameter. Before film deposition, samples were pre-cleaned with an argon plasma for 

10 minutes at -600 V and a pressure of 50 mTorr. 

4.1.1 Effect of bias 

Initial experiments were performed to test the effect of bias on the wettability of the PP-HMDSO 

films, and to see the maximum contact angle which could be obtained. Concerning the conditions 

used, the reader is reminded that the flow rate values for HMDSO will be presented in mTorr, 

indicating the partial pressure of the HMDSO vapor in the chamber. These tests were performed 

using 0.8 mTorr of HMDSO, and a working pressure of 150 mTorr. Bias was varied from -250 V 

to -25 V, however films quickly delaminated at voltages greater than -175V. The lower limit 
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of -25 V corresponds to the lowest power input which would give a stable bias. The contact angles 

for these coatings as a function of bias can be seen Figure 4.1.

 

Looking at the contact angles of the surfaces, we see that samples on the grounded electrode show 

a value of ~107, regardless of the bias used. Samples on the biased electrode, however, show a 

clear decrease in contact angle with increasing bias. The most hydrophobic samples obtained were 

those on the biased electrode at -25 V, which had a contact angle of 109.0 ± 0.2 °, within uncertainty 

of that seen for OF 110 fluoropolymers deposited by thermal evaporation (109.4 ± 0.4 °).  

Changes in bias also caused a change to the deposition rate of the films, as seen in Figure 4.2.  

Figure 4.2: Deposition rate of grounded and biased samples as a function of electrode bias. 

Figure 4.1: Contact angle of grounded and biased samples as a function of electrode bias. The 

red line indicates the 109.4° value obtained for a fluoropolymer coating. 
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While the grounded samples are quite consistent around 0.8 µm/hour (with a drop to 0.5 µm/hour 

at -25 V), the deposition rate of the biased samples shows a slight decrease when dropping 

from -175 V to -125 V, a large decrease from -125 V to -50 V, and another small decrease 

from -50 V to -25V. Even at -25 V, however, the deposition rate of 1.65 µm/hour is two times 

greater than the deposition rates seen for the grounded samples. While it’s not surprising to see that 

changes is bias result in large changes to both the contact angle and deposition rate for samples on 

the biased electrode, it is interesting to see that the added energy in the chamber has almost no 

effect on either CA or deposition rate for the grounded samples.  

4.1.2 Effects of pressure and HMDSO flow 

Having achieved the desired contact angle for our pp-HMDSO coatings, we began to optimize by 

looking at the effects of pressure and HMDSO flow on the coatings. Beginning with the HMDSO 

flow, the chamber pressure was set to 150 mTorr and the bias to -25 V, while the HMDSO partial 

pressure was varied from 0.5 to 2.5 mTorr. Figure 4.3 shows the effect of these changes. Changes 

to the contact angle are not extreme in any case, though it is worth noting that the grounded results 

always fall below the biased (though in some cases the difference is negligible), and the highest 

CA is still that for 0.8 mTorr. In the case of deposition rate, we see that this is relatively low for 

both biased and grounded samples at 0.5 mTorr HMDSO. These diverge quickly at 0.8 mTorr 

however, after which they both flatten out. It is likely that at 0.5 mTorr, the rate of film deposition 

is being limited by the available HMDSO vapor, while somewhere around 0.8 mTorr, the -25 V  

 

Figure 4.3: Contact angle and deposition rate for biased and grounded samples as a function of 

HMDSO partial pressure. 
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becomes the limiting factor. 

Tests were next performed to determine the effect of working pressure, holding HMDSO flow 

constant at 0.8 mTorr and varying bias from -100 to -25 V. Pressures of 100, 150, and 200 mTorr 

were used, however, high stress in the films deposited at 100 mTorr caused delamination from the 

surface. As such, it is only the results for 150 mTorr and 200 mTorr which can be seen in Figure 

4.4. Here we see that at 200 mTorr, contact angles are slightly higher than at 150 mTorr (though 

they are within uncertainty) until reaching -25 V, where the 109° result for 150 mTorr is again the 

highest. Looking at the deposition rate, we see that this is much larger for 150 mTorr at -100 V, 

through this advantage is drastically reduced by the time -25 V is reached. It is not surprising that 

the lower working pressure should give a higher deposition rate, as the lower pressure means that 

there are fewer molecules in the chamber, increasing the mean free path and allowing easier access 

to the substrate for the precursor ions.  

  

Figure 4.4: Contact angle and deposition rate for 150 and 200 mTorr working pressures as a 

function of bias. 

4.1.3 HMDSO coating summary 

After all tests were performed, the highest contact angle was seen for samples deposited at 150 

mTorr, with a bias of -25 V, with a HMDSO partial pressure of 0.8 mTorr; this gave a CA value 

of 109.0 ± 0.2°. While the grounded samples all achieved a similar contact angle to the -25 V biased 

sample, its superior deposition rate meant that it was selected as the most promising coating. The 

109.0 ± 0.2° value is within uncertainty of the results seen for the OF 110 fluoropolymer when 
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deposited on glass, and very near the limit of 111° achievable for CH3-based flat surfaces. 

Following contact angle and deposition rate tests, several coatings were tested by nanoindentation; 

the hardness values ranged from 0.2 – 0.5 GPa, indicating extremely soft coatings. This low 

hardness was not entirely unexpected, as we are creating a polymer and the bias used was quite 

low, however, it did show the need to investigate more robust coatings. For this reason, we began 

to work on the doping of DLC coatings with HMDSO, to create DLC:SiOx coatings. 

4.2 Development of DLC:SiOx coatings 

Coating development for DLC:SiOx began with efforts to combine our findings in the coating of 

PP-HMDSO films with an existing DLC recipe developed for our system. The conditions for this 

undoped DLC can be found in Table 4.1. These films were again deposited on glass slides placed 

on biased and grounded electrodes. The biased sample had a hardness on 18 ± 2 GPa and a contact 

angle of 57.2 ± 0.4°, while the grounded sample had a hardness of 5 ± 0.5 GPa and a contact angle 

of 73.3 ± 0.4°. Given these results, we would expect that any doped coatings would have a hardness 

lower than 18 GPa. Additionally, due to the relatively low hardness of even the pure DLC deposited 

on the grounded electrode, we stopped investigating this technique and began using the biased 

electrode exclusively. The following sections will explore the effects of different deposition 

conditions on DLC:SiOx coatings. These are again deposited on glass slides with the goal of 

identifying the most promising coatings in terms of wettability and hardness, and those most 

promising coatings were selected to be deposited on hierarchically rough TiO2. As before, samples 

were pre-cleaned with an argon plasma for 10 minutes prior to film deposition, with a bias 

of - 600 V and at a pressure of 50 mTorr. 

Table 4.1: Conditions used for DLC deposition. 

Parameter Value 

Precursors Ar/ C2H2 

Flow rate 50/5 sccm 

Pressure 50 mTorr 

Bias -400 V 

Power 33-40 W 
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4.2.1 Hydrophobic DLC:SiOx coatings 

Similarly to what was done for HMDSO coatings, development of DLC:SiOx coatings began by 

looking at the effect of bias on wettability. Depositions were performed with the same conditions 

listed in Table 4.1, but with the addition of 0.8 mTorr of HMDSO, and varying the bias from -400 V 

to -140 V (the lowest bias which gave a stable plasma). The results, as well as images of each of 

these samples can be seen in Figure 4.5. While the sample deposited at -400 V has hardness in the 

desired 7 – 10 GPa range, all of the samples are hydrophilic, with contact angles below 90 °. This 

issue is further complicated by the fact that hardness and contact angle are inversely proportional 

with variation of bias. Looking at the samples themselves, we see that the -400 V sample is a lightly 

transparent burnt orange. As bias decreases, the samples become more transparent and the orange 

colour is less pronounced. As was the case with the HMDSO coatings, deposition rates decreased 

with bias, ranging from 1.59 – 3.51 µm/hour. 

  

Figure 4.5: Bias vs. contact angle and hardness for DLC:SiOx samples. Also shown are the 

deposited films on glass slides. 

With the goal of depositing DLC:SiOx films which were at least hydrophobic, the effects of varying 

pressure and HMDSO flow were explored. The chamber pressure was increased to 100 mTorr, and 

the precursors used were 50 sccm Ar, 5 sccm C2H2, 0.8 mTorr HMDSO in all cases.  Increasing 

the pressure allowed the minimum bias to be decrease to -100 V, as opposed to the -140 V 

minimum at 50 mTorr. These results, as well as those for a varying HMDSO flow at 50 mTorr and 
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-400 V bias are presented in Figure 4.6. While the contact angles for samples deposited at 100 

mTorr are lower at comparable bias, the reduction of the minimum bias leads to achieving a 

DLC:SiOx film with a contact angle above 90 °. In the HMDSO flow tests, the contact angle 

increases steadily with increases in HMDSO at -400 V, indicating that we have not hit a saturation 

point, and further increases to the HMDSO flow may yield even more hydrophobic coatings. 

 

Figure 4.6: Contact angle as a function of bias and HMDSO partial pressure. At working pressure 

of 50 mTorr was used for the measurements where the HMDSO partial pressure is varied. 

Despite obtaining a hydrophobic film using the 100 mTorr/-100 V conditions, the solution of 

increasing the contact angle via a decrease in bias is not a viable one due to the corresponding 

decrease in hardness which will occur. From the HMDSO flow tests, however, it has been shown 

that contact angles can be increased at relatively high bias by increasing the amount of HMDSO in 

the system. Because of this, we turned our attention to higher bias and higher HMDSO flow for 

further coating development. 

With this idea in mind, new coatings were deposited using biases from -400 to -1000 V, with 

HMDSO partial pressures 2.0 mTorr to 3.7 mTorr (the highest possible for our system). Argon and 

C2H2 flows were held constant at 50 sccm and 5 sccm respectively for these depositions, whose 

results at 50 and 100 mTorr can be seen in Figure 4.7 
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Figure 4.7: Contact angle dependence on bias and HMDSO flow at 50 and 100 mTorr. 

At 50 mTorr chamber pressure, we see that the contact angle for samples deposited with a 3.7 

mTorr partial pressure sits near 90 ° regardless of bias. At -1000 V, the 3.0 mTorr HMDSO coatings 

have a greater contact angle than the 2.0 mTorr coating, however, this advantage erodes as the bias 

moves down to -800 V and -600 V. Notably, all 50 mTorr samples are hydrophobic when deposited 

at -600V. This is a great improvement over the -100 V bias which was required to deposit a 

hydrophobic coating with the 0.8 mTorr HMDSO partial pressure. At 100 mTorr chamber pressure, 

contact angles of the deposited coatings begin at ~70 ° for a bias of -1000 regardless of HMDSO 

partial pressure, and increase steadily as the bias is decreased. The first hydrophobic coating is seen 

for 3.7 mTorr HMDSO at -600 V, and moving to -400 V, both the 3.7 and 3.0 mTorr HMDSO 

coatings have contact angles greater than 95 °. One deposition was performed for 2.0 mTorr 

HMDSO at 100 mTorr chamber pressure and -600 V bias, however this was not explored further 

as it gave a contact angle well below the 3.0 and 3.7 mTorr HMDSO coatings, and the general 

effect of the pressure increase to 100 mTorr was to decrease contact angle at the same bias 

compared to the 50 mTorr coatings. The combination of these effects meant that the 2.0 mTorr 

HMDSO coatings would likely not be performant compared to those for higher HMDSO flows.  

Finally, inspired by Grischke et al. [97], we also wanted to test coatings deposited at lower 

pressures without argon gas. These coatings were performed at a chamber pressure of 25 mTorr, 

with a C2H2 flow of 5 sccm. HMDSO partial pressure was varied from 2.0 to 3.7 mTorr, and the 

biases used were -400 V and -600 V, as these are the values which had previously given 

hydrophobic films. 

60

65

70

75

80

85

90

95

100

-1100 -900 -700 -500 -300

C
o

n
ta

ct
 a

n
gl

e 
(°

)

Bias (V)

Bias vs. Static CA at 50 mTorr

60

65

70

75

80

85

90

95

100

-1100 -900 -700 -500 -300

C
o

n
ta

ct
 A

n
gl

e 
(°

)

Bias (V)

Bias vs. Static CA at 100 mTorr

2.0 mTorr
HMDSO

3.0 mTorr
HMDSO

3.7 mTorr
HMDSO



76 

 

 

Figure 4.8: Contact angle dependence on bias and HMDSO flow with 5 sccm C2H2 at 25 mTorr 

chamber pressure. 

Figure 4.8 shows the results for these 25 mTorr depositions. At a bias of -400 V, contact angles 

reach 98 ± 1 ° and 99 ± 1 ° for samples deposited at HMDSO partial pressures of 2.0 and 3.7 mTorr, 

respectively. These are the highest of any DLC:SiOx films we deposited. All samples deposited at 

a bias of -600 V were hydrophobic as well, with the highest CA seen for the coating deposited with 

an HMDSO partial pressure of 3.0 mTorr. Having now developed multiple coatings with contact 

angles above 90 °, we set out to determine which of these will be used as a thin coating in the final 

thin-on-thick system. 

 

4.2.2 Properties of final coatings and other remarks 

Hardness measurements were performed on selected samples from the coating development section 

and these results, along with deposition rate, Young’s modulus, and contact angle are presented in 

Table 4.2. Of these, two coatings were chosen for further tests. These are “SB_170508_DLC2” and 

“SB_170529_DLC1”, highlighted in Table 4.2. For the remainder of this work, samples 

“SB_170508_DLC2” and “SB_170529_DLC1” will be referred to as our “hard” and “balanced” 

coatings, respectively. 
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Table 4.2: Properties of several DLC:SiOx coatings. Samples “SB_170508_DLC2” and 

“SB_170529_DLC1” were determined to be the most promising. 

Sample 
Ar 

(sccm) 

C2H2 

(sccm) 

HMDSO 

(mTorr) 

Pressure 

(mTorr) 

Bias 

(V) 

Deposition 

Rate (μm/h) 

Young's 

Modulus (GPa) 

Hardness 

(GPa) 
CA (°) 

SB_170406_DLC 50 5 2 50 -600 7.48 63 8.7 92 ± 1 

SB_170412_DLC3 50 5 3 50 -800 9.92 108 14.6 85 ± 1 

SB_170413_DLC2 50 5 3 50 -1000 9.16 119 16.1 78 ± 1 

SB_170508_DLC1 50 5 3.5 100 -800 13.98 107 14.3 83 ± 1 

SB_170508_DLC2 50 5 3.6 100 -600 15.12 61 8.5 93 ± 1 

SB_170508_DLC3 50 5 3.7 100 -400 13.5 35 4.8 95 ± 1 

SB_170511_DLC1 50 5 3 100 -400 12.72 35 4.3 96 ± 1 

SB_170523_DLC1 30 0 3.4 25 -550 8.46 50 5.5 95 ± 1 

SB_170526_DLC1 0 5 2 25 -400 10.02 28 3.3 98 ± 1 

SB_170529_DLC1 0 5 3 25 -600 14.76 43 5.4 97 ± 1 

 

Early in the project, we intended to perform depositions directly onto patterned Ti-6Al-4V 

substrates. Film adhesion of our balanced coating on these substrates, however, was very poor, and 

the stress induced by a single droplet being placed on the surface for contact angle measurements 

was enough to cause the coating to delaminate. Because of this, we began to use a SiNx interlayer 

with our DLC:SiOx coatings. This improved the adhesion greatly, as can be seen in Figure 4.9, 

where the coating delamination can easily be seen for the sample without interlayer. The sample 

with the interlayer was difficult to photograph due to its dark colour and lack of reflectivity. In 

Figure 4.9: DLC:SiOx coating on Ti-6Al-4V after contact angle measurements. a) Without 

interlayer, film delaminates easily, b) with interlayer, coating adheres well to the surface. 

a) b) 
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addition to this improvement in adhesion, the samples deposited with the interlayer showed a 

marked increase in mechanical properties, with the “balanced” sample’s hardness improving from 

5.4 ± 0.5 GPa to 8.7 ± 0.8 GPa, and the “hard” from 8.5 ± 0.8 to 11 ± 1 GPa. There was however, 

also a small corresponding decrease in wettability, changing these to 95 ± 1° and 92 ± 1° for the 

balanced and hard samples, respectively. Because of the increase in mechanical properties, the SiNx 

layer was used with these coatings for all subsequent depositions. 

4.3 Deposition on Suspension Plasma Spray TiO2 

The title of this thesis is “DEVELOPMENT OF A DURABLE THIN-ON-THICK ICEPHOBIC 

COATING SYSTEM FOR AEROSPACE APPLICATIONS” and as such, it is now time to discuss 

the “thick” portion of this coating system. These are ~50 µm TiO2 coatings deposited by suspension 

plasma spray and provided to us by researchers at Concordia University as part of the Phobic2Ice 

project. Surfaces with hierarchical roughness are obtained by depositing from sub-micron sized 

TiO2 powder in an ethanol suspension. The TiO2 surfaces are extremely hydrophilic on their own, 

but become superhydrophobic when coated with a hydrophobic topcoat (Figure 4.10). 

 

 

 

 

 

 

 

 

 

 

 

 

a) 

b) 

Figure 4.10: SPS TiO2 a) without and b) with a hydrophobic coating 
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The roughness properties for a typical SPS TiO2 surface can be seen in Table 4.3, while a surface 

profile scan for this sample can be seen in Figure 4.11. The coatings are grown on grit-blasted 

surfaces to obtain the micro-scale surface features, which causes the patterning to be random, 

however, the surface roughness shown in Table 4.3 is typical of what was seen. It was 

communicated to us by researchers at Airbus that any coating to be applied to aircraft components 

should have an average roughness (Sa) lower than 10 ± 2 µm, as well as a maximum surface feature 

height (Sz) below 100 ± 10 µm. It can be seen that while the TiO2 coatings are on the upper end of 

the acceptable roughness, they do satisfy these requirements. 

 

Table 4.3: Roughness parameters for a SPS TiO2 surface. 

Sample Sa Sz Ssk Sku 

TiO2 – no coating 10.5 ± 0.3 81 ± 6 0.48 ± 0.5 2.6 ± 0.1 

 

 

Figure 4.11: Surface profile scan of a non-coated TiO2 surface at 5x. 
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The hierarchical roughness of the SPS TiO2 coatings has been verified by SEM. Figure 4.12 shows 

a large ~40 µm pillar, which itself shows nanoscale features along its surface. These features must 

be maintained after coating, and it is for this reason that we next explored the effect of DLC:SiOx 

coating thickness on surface wettability. 

 

Figure 4.12: Suspension plasma sprayed TiO2 surface, without any topcoat. 

4.3.1 Maximum coating thickness 

Similar to the earlier case of hardness and contact angle, a compromise must be made when 

determining an appropriate coating thickness for the “thin” portion of our coating system. For 

maximum durability, we want to have the thickest coating possible, however, due to the smoothing 

tendency of the amorphous DLC and SiNx coatings [96], we must be careful to not go so thick as 

to lose the nano-scale surface features. Table 4.4 shows the effects of coating thickness on the 

wettability of the samples. While a total coating thickness of 500 nm gives a superhydrophobic 

surface, a clear decrease in CA and increase in CAH is seen as we move to thicker coatings. An 

SEM investigation into the effect of coating thickness on nano-scale surface features, seen in Figure 

4.13, confirmed that these were being removed by the thicker coatings. For this reason, all future 

samples were coated with a maximum thickness of 500 nm. 
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Table 4.4 : Effect of coating thickness on samples wettability. 

Sample 
Thickness 

SiNx (µm) 

Thickness 

DLC:SiOx (µm) 

Total 

Thickness (µm) 

Contact Angle 

(°) 
Hysteresis (°) 

Roll-off 

Angle (°) 

1 0.25 0.25 0.5 168 ± 3 10 ± 2 4.7 ± 0.5 

2 0.5 0.5 1.0 160.1 ± 0.9 30 ± 5 9 ± 2 

3 0.5 1.5 2.0 152 ± 2 46 ± 3 31 ± 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) b) 

c) d) 

Figure 4.13: SPS TiO2 a) without coating, b) with 0.5 µm coating, c) with 1 µm coating, and       

d) with 2 µm coating. The reduction of nanoscale roughness is clear as coatings become thicker. 
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4.3.2 Deposition of thin-on-thick coating system 

The final coating systems selected for use in icephobicity and durability testing consist of the 

following layers: ~50 µm TiO2, 150 nm SiNx, 250 nm DLC:SiOx, 100 nm HMDSO. Stainless steel 

304 was used as the substrate, and a schematic of the layers can be seen in Figure 4.14. Samples 

were deposited with both our balanced and hard DLC:SiOx coatings, and the 

SiNx/DLC:SiOx/HMDSO combination will henceforth be referred to as the “balanced stack” or 

“hard stack” depending on which DLC:SiOx coating was used. While the coatings have been 

confirmed to be superhydrophobic without using an HMDSO topcoat, this was added to further 

improve the water-repellency of the surfaces. Table 4.5 shows contact angle and contact angle 

hysteresis for SPS TiO2 coated with HMDSO only, our balanced and hard coatings, and our full 

SiNx/DLC:SiOx/HMDSO balanced and hard stacks. The decrease in contact angle from the results 

seen in Table 4.4 comes from a variation in the TiO2 surfaces. Issues with the thermal spray system 

at Concordia University meant that they could not produce new coatings for several months. Upon 

repair of the system, samples giving a low CAH after being coated could still be obtained, however, 

there was a notable drop in the static contact angle measurements. 

 

 

 

 

 

 

Table 4.5: Wettability properties of SPS TiO2 with different stacks. 

Sample CA (°) CAH (°) 

TiO2/HMDSO 156.2 ± 0.8 3.3 ± 0.9 

TiO2/Balanced DLC:SiOx 154 ± 1 8 ± 2 

TiO2/Hard DLC:SiOx 153 ± 1 8 ± 2 

TiO2/Balanced stack 155.7 ± 0.6 3.8 ± 0.4 

TiO2/Hard stack 156.3 ± 0.4 6 ± 1 

Figure 4.14: Schematic the coating system used for icephobicity and durability testing 
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The effect of coatings on the roughness properties of the surfaces was also explored, with optical 

interferometry measurements performed before and after coating with our balanced stack. The 

changes due to coating are not statistically significant as can be seen in Table 4.6. While we have 

previously confirmed the smoothing effect of our coatings, the fact that the roughness from the 

microscale surface features is so much larger than the contributions from the nanoscale features 

means that these changes do not appear in the overall roughness measurements. Images of the 

surface profile before and after coating can be seen in Figure 4.15. 

Table 4.6: Surface roughness properties before and after coating. 

Sample Sa Sz Ssk Sku 

TiO2 – no coating 10.5 ± 0.3 81 ± 6 0.48 ± 0.05 2.6 ± 0.1 

TiO2 – Balanced stack 10.2 ± 0.3 78 ± 6 0.43  ± 0.04 2.6 ± 0.1 

 

 

 

 

 

 

 

 

 

4.4 Sample performance in durability and icephobicity testing 

Having developed a superhydrophobic coating system, we now aim to show that they are also 

icephobic, and durable compared to other solutions. To confirm the icephobicity of a 

superhydrophobic surface, it is critical that ice adhesion tests be performed, as the surface may not 

be icephobic if the air-ice portion of the interface is too small. Given that the SPS TiO2 surfaces 

a) b) 

Figure 4.15: Surface profile of TiO2 at 20x a) before and b) after coating with balanced stack. 
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used are random, this test is especially important, as the area of this interface is not easily 

calculated. 

This section will present the ice adhesion measurements which were performed, as well as two sets 

of durability tests: a rain erosion test, and repeated icing/deicing cycles in an icing wind tunnel. In 

the case of the ice adhesion and rain erosion tests, TiO2 surfaces coated with our balanced and hard 

SiNx/DLC:SiOx/HMDSO stacks, as well as TiO2 samples dip-coated in stearic acid, are tested. For 

the icing/deicing cycles, the samples tested are TiO2 samples coated with our balanced stack, a 

SiNx/HMDSO stack, and stearic acid. Here the hard stack is omitted, as it has been shown that 

coating hardness does not have a big effect on degradation during this type of cycling. Also tested 

was NeverWet™, a commercially available superhydrophobic spray coating from Rust-Oleum®. 

4.4.1 Ice adhesion 

Ice adhesion tests were performed by researchers at Airbus Defence & Space on SPS TiO2 samples 

with our hard and balanced stacks, as well as on a SPS TiO2 sample coated with stearic acid. Four 

types of ice were grown on the samples in an icing wind tunnel; the icing conditions for each ice 

type can be found in Table 4.7 and images of each ice type can be seen in Figure 4.16.  

Table 4.7: Icing conditions for ice adhesion tests. 

 

 

 

 

Ice type Temperature (°C) Airspeed (m/s) LWC (g/m3) MVD (µm) 

Rime -20 50 0.3 20 

Mixed / Rime -20 50 0.8 20 

Mixed / Glaze -5 50 0.3 20 

Glaze -5 80 1.0 20 
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The results of the ice adhesion tests can be found in Table 4.8. It is shown that the balanced stack 

is icephobic for every type of ice and is especially performant for the Mixed/Glaze. The opposite 

is true for the hard stack; it outperforms the balanced stack in all conditions except the Mixed/Glaze 

ice, where an enormous increase in ice adhesion is seen. While it is not uncommon for ice adhesion 

to vary across ice types, the exact reason for this increase is unknown at this time. Finally, the 

stearic acid coating performed well, with ice adhesion strength steady around 80 kPa, except when 

testing glaze ice, where it performed very well, giving the best result of all coating/ice combinations 

at 58 ± 4 kPa. The similar values for the balanced stack and stearic acid should not be surprising, 

as they have very similar wetting properties and are deposited on the same TiO2 coating. 

 

 

 

a) 

b) 

c) 

d) 

Figure 4.16: Iced surfaces showing a) rime b) mixed/rime c) mixed glaze and d) glaze ice obtained 

in the Airbus icing wind tunnel. 
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Table 4.8: Ice adhesion for balanced, hard, and stearic acid coatings in 4 different icing conditions. 

Sample Condition Ice adhesion value (kPa) Average ice adhesion (kPa) 

Balanced Rime 83 ± 5 

80 ± 7 

Balanced Mixed/Rime 84 ± 3 

Balanced Mixed/Glaze 62 ± 27 

Balanced Glaze 90 ± 3 

Hard Rime 82 ± 2 

114 ± 40 

Hard Mixed/Rime 71 ± 8 

Hard Mixed/Glaze 229 ± 104 

Hard Glaze 75 ± 13 

Stearic Acid Rime 88 ± 5 

76 ± 8 

Stearic Acid Mixed/Rime 74 ± 5 

Stearic Acid Mixed/Glaze 82 ± 7 

Stearic Acid Glaze 58 ± 4 
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4.4.2 Rain erosion 

Rain erosion tests were performed by researchers at Airbus Defence & Space on SPS TiO2 samples 

with our hard and balanced coatings, as well as on a SPS TiO2 sample coated with stearic acid. 

Tests were performed at droplet velocities of 165 m/s, 180 m/s, 200 m/s, and 225 m/s; at each 

velocity, 5 tests were performed for 20, 50, 100, 250, 500, 1000, 2000, 3000, and 6000 droplet 

impacts. Figure 4.17 shows the samples after testing, while Table 4.9 lists the number of impacts 

required for the coating failure of each sample at all four droplet velocities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) b) c) 

Figure 4.17: a) balanced stack b) hard stack and c) stearic acid samples after rain erosion tests 

and dipping samples into deionized water. Droplet velocities are 165, 180, 200, and 225 m/s, 

moving clockwise from the top left. Impacts are in rows of five, for 20, 50, 100, 250, 500, 1000, 

2000, 3000, and 6000 impacts, from the bottom of each group. 

20 

6000 

165 m/s 180 m/s 

225 m/s 200 m/s 
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Table 4.9: Number of droplet impacts required for water to adhere to surface for all samples and 

droplet velocities. 

Sample Droplet velocity (m/s) Impacts to coating failure 

Balanced 165 3000 

Balanced 180 1000 

Balanced 200 500 

Balanced 225 100 

Hard 165 >6000 

Hard 180 2000 

Hard 200 500 

Hard 225 250 

Stearic Acid 165 20 

Stearic Acid 180 20 

Stearic Acid 200 20 

Stearic Acid 225 20 

 

The superior durability of the balanced and hard stacks is clearly seen in this test; the stearic acid 

samples failed completely after only 20 droplet impacts for every droplet velocity. Also clear from 

these results is the measurable advantage of our hard stack over the balanced stack for such a 

durability test. With the exception of the 200 m/s test, where both failed after 500 impacts, the hard 

stack typically required twice as many impacts to reach a failure point. Even in the case of failure 

of our coatings, the damage is well-contained to the point of impact. The stearic acid samples, on 

the other hand, show a clear spreading of droplets across test sites after 100 impacts at 165 m/s, 

and the degradation only worsens as number of impacts and water speed increase. 
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4.4.3 Durability in icing/de-icing cycle tests 

The final durability test consists of icing/deicing cycles in an icing wind tunnel. Samples were iced 

for one minute at the conditions listed in Table 4.10, which produced a layer of glaze ice on the 

surface. Samples were then removed, and ice was melted with a heat gun, after which samples were 

dried under a compressed air flow. Contact angle and contact angle hysteresis were measured every 

20 cycles, or more often for less durable samples. SPS TiO2 coated with our balanced stack, stearic 

acid, and a softer 500 nm SiNx/HMDSO stack (150 nm SiNx, 350 nm HMDSO) were tested, as 

well as NeverWet superhydrophobic coating sprayed on polished stainless steel. 

Table 4.10: Icing Wind Tunnel conditions for icing/deicing cycles 

 

The coated TiO2 samples can be seen in Figure 4.18, and the samples mounted in the icing wind 

tunnel before and after icing can be seen in Figure 4.19. It is visible from the iced samples that the 

droplet flow in test section is not perfectly uniform, and sample position in the IWT was rotated 

with every cycle to counter this. 

Ice type Temperature (°C) Airspeed (m/s) LWC (g/m3) MVD (µm) 

Glaze -10 43 0.5 30 

Balanced stack Stearic Acid HMDSO stack 

Figure 4.18: Balanced stack, stearic acid, and HMDSO stack TiO2 samples used for 

icing/deicing cycling. 
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Contact angle and contact angle hysteresis results over as many as 170 cycles can be seen in Figure 

4.20. As hysteresis was being measured by the droplet inflation/deflation method, it was possible 

for droplets to stick to the surface during deflation, rather than being drawn back into the dispenser 

needle. The point at which one droplet first stuck to the surface during CAH measurements, 

indicating partial coating failure, or all droplets stuck to the surface, indicating complete coating 

failure, can be seen in Table 4.11. 

Looking at the results, we see first the quick degradation of the NeverWet coating. Contact angle 

drops consistently as cycles are performed, while the CAH increases almost constantly, with the 

first droplet sticking to the surface after 15 cycles, and all droplets sticking after 20 cycles. At this 

point, the surface has failed completely and no further cycling was performed. 

Figure 4.19: SPS TiO2 samples installed in IWT a) before and b) after 1 minute of icing 

Balanced 
stack 

Stearic 
Acid 

HMDSO 
stack 
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Figure 4.20: Contact angle (top) and contact angle hysteresis (bottom) for tested samples after up 

to 170 icing/deicing cycles. 

Table 4.11: Cycles required for one or all droplets to stick to sample surface during contact angle 

hysteresis measurements. 

Sample Type Cycles total Cycles until 1 drop sticks Cycles until all drops stick 

Neverwet 20 15 20 

Stearic Acid 140 40 70 

HMDSO 170 70 N/A 

Balanced Stack 170 N/A N/A 

 

The stearic acid sample performs similarly to the balanced and HMDSO stacks up to 40 cycles, 

however, the larger uncertainty for the stearic acid coating at 40 cycles is worth noting. Generally, 

for CAH measurements during degradation, a large uncertainty corresponds with one CAH 
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measurement giving a much higher value than the others. This is indeed the case at 40 cycles; Table 

4.11 shows this as the point at which a droplet first stuck to the surface during CAH measurements. 

After 40 cycles, the CAH values diverge from those seen for the balanced stack and HMDSO 

samples, with all droplets sticking to the surface after 70 measurements. CAH measurements were 

stopped for the stearic acid sample after 80 measurements as the surface was completely damaged 

by this point. Looking at the contact angle measurements for the stearic acid sample, we see that 

degradation is slow but steady up to 100 cycles, dropping from 155.1 ± 0.5 ° to 138 ± 5 °. After 

this the sample degrades more rapidly, reaching a value of 94 ± 12 at 140 cycles before 

measurements were stopped (samples were still cycled a full 170 cycles times). 

The balanced and HMDSO stacks perform very similarly to one another, with the balanced stack 

finishing 170 cycles with a contact angle of 149.5 ± 0.9 ° and a hysteresis of 33 ± 4 °, and the 

HMDSO stack finishing with values of 149 ± 1 ° and a hysteresis of 36 ± 3 ° for the CA and CAH, 

respectively. Because of the similar values throughout cycling, it is likely that the HMDSO layer 

on the DLC:SiOx sample has not been removed, and what we’re seeing is the degradation of this 

layer while the DLC:SiOx layer underneath remains untouched. One difference between the two 

stacks is that the HMDSO stack did have some water stick to the surface after 70 cycles.  The 

behaviour seen here was distinct from that seen for the stearic acid sample, as can be seen in Figure 

4.21. At 70 cycles, it is only a trace amount of water which remains, and even after 170 cycles the 

droplet which remains is much smaller than that seen for the stearic acid sample. Additionally, 

unlike the stearic acid sample, this was the only spot on the surface to be damaged during cycling; 

at no point did drops placed elsewhere stick. 

 

 

 

 

 

 

 

 

Figure 4.21: Water adhering to the surface after CAH measurement for a) stearic acid after 70 

cycles, b) HMDSO coating after 70 cycles and c) HMDSO coating after 170 cycles. 

a) b) c) 
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Having observed a clear degradation of the balanced stack as a result of icing/deicing cycling, we 

will next explore the degradation mechanisms. Due to the nature of superhydrophobic surfaces, it 

must be that the degradation results from a change in the chemistry, the morphology, or both. 

Morphology was measured by interferometry and SEM, while chemical changes were observed by 

XPS. There were no changes to the surface visible by simply looking at the samples. 

SEM images of the balanced stack before and after cycling can be seen in Figure 4.22. Some studies 

have suggested that the degradation of samples after icing is due to damage to the tips of asperities 

and a loss of their nano-scale surface features [113], however, this does not seem to be the principle 

mechanism of degradation for our samples. Looking at the samples after cycling, we see sub-

0 cycles 170 cycles 

Figure 4.22: SEM images of the balanced stack sample before (left) and after (right) 170 

icing/deicing cycles. 
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micron features still present at the top of the micro-features, and there is not a major decrease in 

the number of these features compared to what was seen before cycling. While we can see some 

differences in the images before and after cycling, it is not the extreme level of change which has 

been shown for some highly-damaged samples (e.g. Figure 2.29). Instead, the changes are similar 

to what has been shown by others when degradation is primarily chemical (e.g. Figure 2.34).  

More definitive results were seen for the stearic acid coatings (Figure 4.23). Prior to cycling we 

see some dark areas along the surface, but after 170 cycles the surface is littered with dark spots. 

This corresponds with the degradation of the stearic acid coating and is likely due to its removal. 

 

0 cycles 170 cycles 

Figure 4.23: SEM images of the stearic acid sample before (left) and after (right) 170 

icing/deicing cycles. 
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Looking at the roughness properties of our surface, presented in Table 4.12, there is no indication 

of a statistically significant change after cycling. It should be noted that this test would not be 

sensitive enough to measure damage to the coating, as it could not determine a meaningful 

difference between coated and non-coated samples, however, any change to the micro-scale 

features would manifest itself in these values.  

Table 4.12: Roughness properties of the balanced stack before and after cycling. 

Sample Sa Sz Ssk Sku 

Balanced stack - Before 10.3 ± 0.9 63 ± 6 0.59 ± 0.05 2.59 ± 0.08 

Balanced Stack - After 11 ± 1 67 ± 5 0.53  ± 0.07 2.54 ± 0.07 

 

Having not found the culprit for our sample’s degradation by looking at its morphology, we move 

onto the chemistry. XPS was performed on balanced stack samples before coating, as well as after 

100 and 170 cycles. Measurements were also taken for a TiO2 sample coated with the DLC:SiOx 

balanced coating, but without the HMDSO topcoat. The results from survey scans and high-

resolution scans of these samples can be found in Table 4.13 and Table 4.14, respectively. It should 

be noted that for the balanced stack, the XPS measurements correspond to the 100nm HMDSO 

layer at the surface and not the balanced DLC:SiOx layer below, since the penetration depth of the 

XPS measurements is below 10nm. 

The survey scans show that the silicon content is greater than that of oxygen for both the balanced 

DLC:SiOx and the full balanced stack with HMDSO topcoat. This corresponds with what has been 

shown in the literature, where it was said that a O:Si ratio below 1 is best for the hydrophobicity of 

this type of coating when deposited by PECVD [102]. As the balanced stack is cycled, however, 

an increase in carbon is seen at the expense of silicon, while oxygen content remains almost 

constant. This puts the O/Si ratio above 1, and is the first measurable sign of degradation for our 

surfaces. Also seen in the scans of the cycled samples is a small amount of calcium and fluorine 

contamination. Their provenance is uncertain. 
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Table 4.13: Identification and quantification of elements from XPS survey scans 

 

Table 4.14: Identification of chemical bonding from high resolution XPS scans 

Name BE (eV) Identification 
At. % 

DLC:SiOx Balanced Stack 100 cycles 170 cycles 

Si2p 

100.7 (CH3)6Si2O --- 5.2 3.4 3.9 

101.2 (CH3)3SiOH 6.1 --- --- --- 

102.3 (CH3)5Si2O2 13.7 17.4 12.9 13.1 

103.1 SiO2 4.9 --- --- --- 

C1s 

284.6-284.9 C-Si 22.2 55.7 40.4 39.2 

285.4-285.8 C-C 28.4 --- 20.0 20.9 

288.9 O-C=O --- --- 1.1 1.0 

O1s 532.4-532.9 Si-O 24.8 21.6 22.2 21.9 

 

The high resolution scans give further information on the degradation during cycling, as well as 

the difference between the DLC:SiOx coating and the HMDSO layer. Perhaps most notable is the 

fact that the DLC:SiOx coating has a measurable SiO2 and (CH3)3SiOH content which is not seen 

Name BE (eV) 
At. % 

DLC:SiOx Balanced Stack 100 cycles 170 cycles 

Si2p 102.1 27.5 25.4 18.2 19.3 

C1S 285.1 50.9 54.6 59.0 59.7 

Ca2p 348.3 --- --- 0.2 0.8 

O1s 533.0 21.5 20.0 19.7 19.7 

F1s 690.2 --- --- 2.9 0.6 
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in the other samples. This suggests that, as was suspected from the contact angle and hysteresis 

degradation, the HMDSO coating is not being removed or pierced; otherwise, we would see the 

SiO2 and (CH3)3SiOH from the DLC:SiOx layer in the cycled samples. In terms of the degradation 

which is seen, the same drop in silicon which was seen in the survey scans is also seen here for the 

cycled samples, while oxygen content remains nearly constant. A decrease in the C-Si peak, the 

most likely indicator of the presence of methyl groups, is seen for the cycled samples, while the 

apparition of a C-C peak comes from exposure of the surface to air. No C-C peak is seen for the 

non-cycled balanced stack; this could due to its lower concentration compared to the C-Si groups. 

A C-C peak is also seen for the DLC:SiOx surface, and in this case could indicate surface 

contamination or could be from the presence of amorphous carbon. Finally, an O-C=O peak is 

present for the cycled samples, which could be due to surface contamination or a modification of 

the surfaces due to cycling; in either case, the presence of this oxygen at the surface would 

correspond with the decrease in water repellency of the cycled samples. 

4.5 General discussion 

The coatings developed in this work have proven to be icephobic and have shown superior 

durability over simple TiO2/stearic acid coatings. With that said, there are few points which merit 

further discussion. 

Beginning with the ice adhesion results, it is quite curious to see the much larger value for the hard 

stack in the mixed/glaze icing condition, especially considering that the same 100 nm of HMDSO 

is used as top layer of all stacks. As a guess, this is likely due to some difference in the morphology 

of the TiO2 coating compared to that of the balanced stack sample. This could be retested by 

depositing a new sample with the hard stack and remeasuring ice adhesion in the mixed/glaze 

condition. This is not a case of one errant measurement, as four measurements in this icing 

condition were quite evenly spread between 75 and 350 kPa. It is also likely not a case of this 

specific sample having been damaged or contaminated, as some other Phobic2Ice samples were 

also shown to struggle in this icing condition. 

Looking at the rain erosion results, we see a clear improvement when comparing the hard stack to 

the balanced stack. Because of this, it may be interesting to perform rain erosion on stacks using 

some of the harder, lightly hydrophilic DLC:SiOx coatings (e.g. the coating with a hardness of 14.6 



98 

 

GPa and CA of 85 ° seen in Table 4.2). Sharifi et al.[45] have shown that some degree of reentrant 

topography is present for the type of SPS TiO2 coatings used in this work, and as such it is very 

possible that these surfaces would become superhydrophobic even when coated with lightly 

hydrophilic materials. 

The biggest points of discussion concern the icing/deicing cycling. It should first be noted that the 

icing/deicing cycles which we performed consisted of deicing by melting (there is no ice adhesion 

rig at Concordia University where the IWT tests were performed). After applying heat to the iced 

samples, a liquid layer would form at the ice-substrate interface, and ice would slide off under its 

own weight. Removing ice by melting was shown in one work to be less damaging to the surface 

than removing it by a shearing force [78], however, ice formation in that case was performed by 

freezing water to the surface using a mold, and not by the high-velocity impact of supercooled 

water droplets. Because of this, it is difficult to compare the damage done to our samples to those 

seen in the literature. Golovin et al. [19] do offer degradation results for a surface treated with 

NeverWet which could potentially be used as a point of comparison, however, this degradation is 

reported only in terms of increasing ice adhesion, rather than wettability of the surface. In general, 

it is expected that our surfaces would degrade faster if ice was sheared from the samples rather than 

being removed by melting.  

XPS measurements confirmed that the HMDSO layer on the balanced stack is not pierced or 

removed during cycling, and so it is curious to see that there was any droplet sticking at all for the 

SiNx/HMDSO stack, since there was no sticking seen for the balanced stack, and the two should 

be chemically identical at the surface. It is very difficult to say what exactly the cause was, as these 

samples were cycled together, and no abnormalities were seen during their cycling. It is possible 

that a small bit of ice got caught in the airflow and impacted the sample, damaging the coating. 

Further testing could show whether or not such degradation is typical for this type of surface. 

It can be said, however, that this damage did not have a large effect on the contact angle hysteresis 

results for this sample. This is because the damage was contained to a very small area, and in most 

cases when droplet sticking was seen, it was at a point of droplet retraction where the effects of the 

needle on the shape of the droplet already precluded these video frames from being used. This lack 

of effect can be seen when looking at the uncertainty values for the HMDSO stack in Figure 4.20, 

which are very similar to the balanced stack. In fact, there was only one set of measurements where 
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the damaged location gave the highest hysteresis value: after 160 cycles, when the location of 

droplet sticking gave a hysteresis value of 48 ° compared to values of 25 °, 34 °, and 40 ° measured 

elsewhere on the surface.  

Speaking more generally about degradation, droplets tended to stick when CAH values were above 

~45 °. With a CAH of 33 ± 4° after 170 cycles, droplets could still be easily removed from the 

balanced stack sample by tilting it; the same was true of the HMDSO-only stack for droplets which 

did not stick. A simple linear regression of the balanced stack CAH values suggests that average 

CAH would reach 45 ° after 235 icing/deicing cycles.  

Finally, when discussing durability, it is important to note the context. Due to the requirement of 

hydrophobicity for the DLC:SiOx films, a maximum hardness of 11 GPa was achieved. 

Additionally, the thickness of the thin coating stack was limited to 500 nm in order to maintain 

superhydrophobicity of the surface, and only 250 nm of this is DLC:SiOx. While the developed 

coating system vastly outperformed a TiO2/stearic acid system in rain erosion tests, both the 

hardness and thickness values fall well below the 20 GPa and 8 µm values generally recommended 

for coatings resistant to solid particle erosion [114]. Thus, the presented solution can be considered 

to be durable in the context of icephobic coatings, but not in the larger context of high-hardness 

and erosion-resistant coatings. 
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CHAPTER 5 CONCLUSIONS AND FURTHER SUGGESTIONS 

A durable thin-on-thick icephobic coating system has been developed through suspension plasma 

spray deposition of ~50 µm of TiO2, followed by plasma enhanced chemical vapor deposition of 

150 nm of SiNx, 250 nm of DLC:SiOx, and 100 nm of PP-HMDSO; the coating system achieves 

icephobicity via superhydrophobicity. The hydrophobic “thin” coatings developed in this work had 

flat-surface contact angles up to 97 ± 1 ° and 109.0 ± 2 ° for the DLC:SiOx and PP-HMDSO, 

respectively, and when deposited on hierarchically rough TiO2 surfaces, contact angles for the 

entire coating system were as high as 156.3 ± 0.4 °, with contact angles hysteresis values as low as 

3.8 ± 0.4 °. The developed coating system was able to consistently satisfy the requirements for 

superhydrophobicity. 

Balanced and hard configurations of the coating system were developed, differentiated by the 

hardness and wettability of the DLC:SiOx layer. The icephobicity of this system has been 

confirmed through ice adhesion measurements, with values as low as 62 ± 27 kPa. In rain erosion 

tests, the best samples showed no change in wettability even after 6000 droplet impacts. 

Icing/deicing cycles showed that the coating system did degrade after repeated cycling, but had no 

droplets stick to the surface during contact angle and contact angle hysteresis measurements, even 

after 170 cycles. The degradation seen after cycling was shown to be predominantly chemical 

rather than morphological, and the HMDSO topcoat was neither removed nor pierced in these tests. 

Methods of “rejuvenating” the surface, such as spraying with stearic acid after multiple cycles, 

have been discussed and may be explored in the future. 

As part of the Phobic2Ice project, the balanced and hard stacks have been selected to undergo a 

series of addition tests over the next six months. These include salt fog corrosion, UV light 

resistance, and thermal cycling. Both stacks will also be tested at the large-scaling icing wind tunnel 

operated by the National Research Council in Ottawa, Ontario. A unique rig built to assess the 

icing of rotating aircraft parts will be used, and ice adhesion and degradation of the samples will 

be tested using various icing conditions. Finally, the balanced stack has been selected for flight 

tests to be performed during the Winter/Spring icing season of 2019 in Madrid, Spain. These will 

provide a true measure of the icephobicity of our coatings in flight conditions and will confirm 

whether they are able to withstand the harsh conditions seen by aircraft flying through icing clouds. 
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Beyond this, there are additional characterization steps which would aid in fully understanding the 

developed coatings. The balanced stack should continue to be cycled until complete failure, as the 

data indicates that this may occur within the next 65 cycles. Also of interest is solid particle erosion 

of the hard and balanced DLC:SiOx coatings. While the 250 nm films used in this work would be 

destroyed almost instantly, erosion rates could be determined for thicker films (~10 µm) deposited 

on flat substrates, allowing for a better understanding of the difference in durability between the 

hard and balanced coatings. Finally, it would be highly interesting to see the ice adhesion and 

durability of a surface where the patterns themselves are made from the DLC:SiOx films developed 

in this work. This could be performed by depositing thick films and patterning them by etching, or 

by depositing through a mask to create DLC:SiOx structures on a substrate surface. These of course 

will present their own difficulties, such as changes to the surface chemistry after etching, or how 

to obtain nano-scale features on the smooth DLC:SiOx structures; these challenges will be left to 

another student.  
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